





Geologic Studies in Alaska by the
U.S. Geological Survey, 1996

John E. Gray and J.R. Riehle, Editors

U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1595

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1998




DEPARTMENT OF THE INTERIOR

BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY

Thomas J. Casadevall, Acting Director

Any use of trade, product, or firm names in this publication
is for descriptive purposes only and does not imply endorsement
by the U.S. Government.

Manuscript approved for publication, November 25, 1997

Library of Congress catalog-card No. 92-32287

For sale by
U.S. Geological Survey, Map Distribution
Box 25286, MS 306, Federal Center
Denver, CO 80225

COVER PHOTO: Kaguyak Crater is the northernmost collapse caldera in the Aleutian volcanic arc and the only Ho-
locene caldera on the Alaska Peninsula whose age has not been determined directly. Recent tephra studies (see
article by Riehle and others) establish an age by correlation of about 3,600 yr B.P. The age is significant because it
means that, in addition to major eruptions at other volcanoes, four of the six Holocene calderas on the Alaska Penin-
sula formed between 3,400 and 4,000 yr B.P.



CONTENTS

Introduction
John E. Gray and James R. Ri€hle ........coociiiiiiiiiiiiiiiiiieeeieece e

ENVIRONMENT AND CLIMATE

Role of glaciers and glacial deposits in the Kenai River watershed and the
implications for aquatic habitat
Joseph M. Dorava and Kevin M. SCOUE .......cooimiiiiiiiiiiiiciiei e

A reconnaissance study of the chemistry of natural waters draining chromite-
bearing ultramafic complexes in Alaska

Cliff D. Taylor, Alan L. Meier, and William M. d” Angelo ............cccooiiiiiininiins

RESOURCES

Age, isotopic, and geochemical studies of the Fortyseven Creek Au-As-Sb-W
prospect and vicinity, southwestern Alaska
John E. Gray, Carol A. Gent, Lawrence W. Snee, and Peter M. Theodorakos .................

Geology and gold resources of the Stuyahok area, Holy Cross quadrangle,
southwestern Alaska
Marti L. Miller, Thomas K. Bundtzen, and William J. Keith .................ccoeeiiiiiiinninnnn.

GEOLOGIC FRAMEWORK

Radiolarian and conodont biostratigraphy of the type section of the Akmalik
Chert (Mississippian), Brooks Range, Alaska
Charles D. Blome, Katherine M. Reed, and Anita G. Harris ..........ccccoooooiiiiiiieeeeniiin,

Sedimentology, conodonts, structure, and regional correlation of Silurian and
Devonian metasedimentary rocks in Denali National Park, Alaska
Julie A. Dumoulin, Dwight C. Bradley, and Anita G. Harris .............coooooiiiii i

Magnetic properties and paleomagnetism of the LaPerouse and Astrolabe
gabbro intrusions, Fairweather Range, southeastern Alaska
Sherman GrOMIME ........couuiiiiiiiiiiiiie ettt e et e e e e e e eeestnr st e e e e e ssiaans

Petrology, geochemistry, age, and significance of two foliated intrusions in
the Fairbanks District, Alaska

Rainer J. Newberry, Thomas K. Bundtzen, James K. Mortensen, and Florence R. Weber .

New “CAr/*Ar dates for intrusions and mineral prospects in the eastern
Yukon-Tanana terrane, Alaska—regional patterns and significance
Rainer J. Newberry, Paul W. Layer, Roger E. Burleigh, and Diana N. Solie ....................

Age of formation of Kaguyak Caldera, eastern Aleutian arc, Alaska, estimated
by tephrochronology
James R. Riehle, Richard B. Waitt, Charles E. Meyer, and Lewis C. Calk .......................

117

111



v

CONTENTS
GEOLOGIC FRAMEWORK—Continued

“OAr/3%Ar ages of detrital minerals in Lower Cretaceous rocks of the
Okpikruak Formation: evidence for Upper Paleozoic metamorphic rocks
in the Koyukuk arc
Jaime Toro, Frances Cole, and Jonathan M. Meier .........cccccoerruiiciniiniiiicincnee s 169

The Coast Mountains structural zones in southeastern Alaska—descriptions,
relations, and lithotectonic terrane significance
David A. Brew and Arthur B. FOrd .........cccoiiiiiiiniiinieiiiciicn e 183

BIBLIOGRAPHIES

U.S. Geological Survey reports on Alaska released in 1996
John P. Galloway and Susan TOUSSAINE ...........ccecvuiiiiiieeeeeeieeeeeeee e e ee e e eeeeecse e 193

Reports about Alaska in non-USGS publications released in 1996 that include
USGS authors
John P. Galloway and Susan TOUSSAINE .........ccurvevuerueereeieieeieicirie e ene e 197



CONTRIBUTORS TO THIS PROFESSIONAL PAPER

Anchorage

U.S. Geological Survey
4200 University Drive
Anchorage, Alaska 99508

Bradley, Dwight C.
Dumoulin, Julie A.
Keith, William J.
Miller, Marti L.
Riehle, James R.

U.S. Geological Survey
4230 University Drive
Anchorage, Alaska 99508

Dorava, Joseph M.

Denver

U.S. Geological Survey MS-
P.O. Box 25046, Denver Federal Center
Denver, Colorado 80225

Blome, Charles D., MS 913
Gent, Carol A., MS 973
Gray, John E., MS 973
Meier, Alan L., MS 973

Snee, Lawrence W.,, MS 913
Taylor, Cliff D., MS 973

Theodorakos, Peter M., MS 973

Fairbanks

U.S. Geological Survey
800 Yukon Drive
Fairbanks, Alaska 99775

Weber, Florence R.

Menlo Park

U.S. Geological Survey MS-
345 Middlefield Road
Menlo Park, California 94025

Brew, David A., MS 904
Calk, Lewis C., MS 910
Cole, Frances, MS 969

Ford, Arthur B., MS 904
Galloway, John P, MS 904
Gromme, Sherman, MS 937
Meyer, Charles E., MS 975

Toussaint, Susan, MS 955

Ocala

U.S. Geological Survey
4500 S.W. 40th Avenue
Ocala, Florida 34474

d’Angelo, William M.

Reston

U.S. Geological Survey
National Center MS-
12201 Sunrise Valley Drive
Reston, Virginia 20192

Harris, Anita G., MS 926A

Vancouver

U.S. Geological Survey
5400 MacArthur Blvd
Vancouver, Washington 98661

Scott, Kevin M.
Waitt, Richard B.

Others

Bundtzen, Thomas K.
Pacific Rim Geological Consulting

P.O. Box 81906
Fairbanks, Alaska 99708
Burleigh, Roger E.

4401 E. 145th Ave.
Anchorage, Alaska 99516

Layer, Paul W.

Geology and Geophysics and Geophysical Institute

University of Alaska
Fairbanks, Alaska 99775



VI

Meier, Jonathan M.

Burns and McDonnell Waste Consultants, Inc.

P.O. Box 281647
San Francisco, California 94128

Mortensen, James K.

Department of Earth and Ocean Sciences
University of British Columbia
Vancouver, British Columbia, Canada

Newberry, Rainer J.
Solie, Diana N.

Department of Geology
University of Alaska
Fairbanks, Alaska 99775

Reed, Katherine M.

Washington Division of Geology and Earth Resources
Olympia, Washington 98504-7007

Toro, Jaime

Department of Geological and Environmental Sciences
Stanford University
Stanford, California 94305



Geologic Studies in Alaska
by the U.S. Geological Survey, 1996

By John E. Gray and James R. Riehle

INTRODUCTION

This collection of 12 papers continues the annual series' of U.S. Geological Survey
(USGS) reports on geologic investigations in Alaska. The annual volume presents results
from new or ongoing studies in Alaska that are of interest to scientists in academia, industry,
land and resource managers, and the general public. The Geological Studies in Alaska
volume reports the results of studies that cover a broad spectrum of earth science topics
from many parts of the state (fig. 1).

The papers in this volume are organized under the topics Environment and Climate,
Resources, and Geologic Framework, in order to reflect the objectives and scope of USGS
programs that are currently active in Alaska. Environmental studies are the focus of two
articles in this volume: One study addresses the relation between glaciers and aquatic habitat
on the Kenai River and another study evaluates the geochemistry of water draining chromite
deposits in Alaska. Two papers address mineral resources in southwestern Alaska including
a geochemical study of the Fortyseven Creek prospect and a geological and geochemical
study of the Stuyahok area. Eight geologic framework studies apply a variety of techniques
to a wide range of subjects throughout Alaska, including biostratigraphy, geochemistry,
geochronology, paleomagnetism, sedimentology, and tectonics.

Two bibliographies at the end of the volume list reports about Alaska in USGS
publications released in 1996 and reports about Alaska by USGS authors in non-USGS
publications in 1996.

! From 1975 through 1988, the Geological Studies in Alaska series was published as USGS Circulars.
During 1989-1994, the volumes were published as USGS Bulletins; since 1995, the volumes have been USGS
Professional Papers. The most recent change is the result of reorganization of USGS publications. The volume
was originally titled, “The United States Geological Survey in Alaska: accomplishments during 1975,” but in
1986 the title was changed to “Geological studies in Alaska by the U.S. Geological Survey, 1985.” This 1996
volume is the twelfth since the change in title.
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Role of Glaciers and Glacial Deposits in the Kenai River
Watershed and the Implications for Aquatic Habitat

By Joseph M. Dorava and Kevin M. Scott

ABSTRACT

The Kenai River in south-central Alaska supports a
multi-million-dollar, world-class salmon fishery. Recent stud-
ies indicate that numerous aquatic-habitat features along the
river can be directly attributed to the effect of glaciers in its
watershed. An extensive period of sustained high flows dur-
ing salmon migration, two large glacially sculpted lakes,
coarse streambed material, and a stable channel are examples
of glacier-affected features. The extent of the watershed cov-
ered by glaciers significantly affects the seasonal and daily
fluctuation in streamflow and the concentrations of suspended
sediment. The historical extent of glaciers in a watershed has
influenced channel morphology and stability. The glacial
influences subsequently affect aquatic-habitat attributes such
as protective cover, navigable water velocities, and appro-
priately sized substrate, which are most important to rearing
juvenile salmon in the Kenai River.

INTRODUCTION

The Kenai River watershed drains an area of about 5,700
km? of the Kenai Peninsula in south-central Alaska (fig. 1).
The Kenai River begins at the outlet of Kenai Lake, a nar-
row, 35-km-long, glacially sculpted, moraine-impounded
lake; it flows about 27 km before it passes through Skilak
Lake, another large moraine-impounded lake approximately
19 km long. From Skilak Lake, the river flows another 80
km before entering Cook Inlet near the city of Kenai.

The Kenai River has no man-made dams, and most of
the residential and commercial development in the water-
shed is concentrated near the river’s mouth and along a nar-
row corridor adjacent to the river downstream from Skilak
Lake. Approximately 10 percent of the watershed is pres-
ently covered by glaciers (fig. 1).

The Kenai River is Alaska’s most popular sport fishery,
and more than 330,000 angler-days are representative of the
annual sport-fishing effort (Liepitz, 1994). The commercial
and sport fisheries contribute as much as $78 million annu-
ally to the economy of Alaska (Mills, 1994). During the
past 10 years, the Kenai River has produced approximately
30 percent of the total commercial chinook salmon harvest

in Cook Inlet. In addition, an estimated 20,452 chinook
salmon were taken by sport fishing in the Kenai River dur-
ing 1995, and the annual harvest has more than quadrupled
since 1974 (table 1). The strength of these fisheries results in
part because the aquatic habitat in the Kenai River is of high
quality. The emigrating juvenile salmon are numerous,
healthy, and adequately prepared for 4-5 years of life in the
ocean before returning to the river as mature adults. The rea-
sons for the highly productive chinook salmon runs on the
Kenai River have been poorly understood. We have not
known why so many chinook salmon return to this river and
why they are among the largest in the world.

Several studies by the U.S. Geological Survey (Dorava,
1995; 1996; Dorava and Liepitz, 1996; Karlstrom, 1964; Post
and Mayo, 1971; Scott, 1982) have identified specific geo-
morphic, hydrologic, and aquatic-habitat features of the
Kenai River that have been derived primarily from glaciers,
which are or were within the watershed. This report dis-
cusses the roles of glaciers in the watershed as they relate to
chinook salmon habitat. For example, high-quality spawn-
ing and rearing habitat is provided by a stable river channel
that has sustained high flows for extended periods, abun-
dant protective cover, and appropriate substrate sizes. Past
and present glaciers in the watershed have influenced the
stability of the river channel, the river flow, and therefore
the aquatic habitat.

ROLE OF GLACIERS IN THE KENAI
RIVER WATERSHED

As recently as 12,000 years ago, the Kenai River water-
shed was nearly covered by glaciers (Karlstrom, 1964; Scott,
1982). Several specific features of the Kenai River can be
attributed to the past or present glaciers. Kenai and Skilak
Lakes (fig. 1) were formed by glaciers scouring a deep chan-
nel, retreating, and then leaving a lake impounded behind
terminal moraines. These lakes now provide over-wintering
habitat for juvenile salmon, trap sediment from the upstream
tributaries, and moderate streamflow variations.

Glaciers significantly influence hydrologic and geomor-
phic characteristics of rivers that drain them. The expected
variations in river flow influenced by glaciers in a river’s

3
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watershed are described by Fountain and Tangborn (1985).
The influence of glaciers on the hydraulic characteristics near
streamside structures along the Kenai River has been de-
scribed by Dorava (1995). The potential links between salmon
productivity and several unique glacier features of the Kenai
River have been described by Dorava and Liepitz (1996).
The influence of glaciers on river morphology and
streambank erosion along the Kenai River is described by
Scott (1982). Data describing the influence of glaciers on
streamflow and sediment transport in the Kenai River can be
found in annual reports by the U.S. Geological Survey (1957-
96). The quality of the aquatic habitat in the Kenai River is
described by Estes and Kuntz (1986) and Liepitz (1994).

AQUATIC-HABITAT FEATURES IN
THE KENAI RIVER

The large number of chinook salmon harvested from the
Kenai River by sport fishermen (table 1) reflects the high
quality of the available aquatic habitat (Liepitz, 1994). The

152°

three most important habitat attributes for rearing juvenile
chinook salmon are abundant streamside and instream cover,
navigable water velocities, and appropriately sized substrate
(Estes and Kuntz, 1986; Liepitz, 1994). Recent studies that
pertain to salmon habitat in the Kenai River include those of
Reger and others (1996; Quaternary deposits), Scott (1982;
erosion and sedimentation), Dorava (1995; hydraulic char-
acteristics near streamside structures), Dorava (1996; effects
of flooding); and Dorava and Moore (1997; effects of
boatwakes on streambank erosion). Results of these studies
illustrate the relation between the quality of aquatic habitat
and the past and present influence of glaciers in the Kenai
River watershed.

Salmon generally require cool, clear, unpolluted water,
with an adequate depth to support migrating and spawning
adults, egg incubation, and rearing of juveniles. Although
adult salmon may not eat while spawning in freshwater, ju-
veniles spend as much as three years in freshwater and ob-
tain their food primarily from benthic macroinvertebrates.
Water velocities must not be greater than about 64 cm/s, the
sustained swimming ability of juvenile salmon, or they will
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Table 1. Number of chinook salmon taken by sport fishing
in the Kenai River, 1974-95.

[Data from Alaska Department of Fish and Game. Annual
catch is limited by State regulation]

Year Total Year Total
1974 4910 1985 16,026
1975 2,970 1986 16,565
1976 7,018 1987 25,608
1977 7,321 1988 30,259
1978 7,120 1989 16,383
1979 8,295 1990 7,982
1980 5.554 1991 7,740
1981 9,810 1992 8,045
1982 10,276 1993 23,006
1983 15,534 1994 20,022
1984 12,332 1995 20,452

not be able to navigate and find food (Liepitz, 1994). Juve-
nile chinook salmon in the Kenai River are most commonly
found where water velocities are between about 3 and 18
cm/s (Burger and others, 1982). During winter low-flow pe-
riods, water velocity must remain above some minimum value
that circulates adequate water and oxygen through spawning
beds. The magnitude of these minimum velocities depends
on the permeability of the substrate. There must also be ad-
equate in-stream cover provided by vegetation, debris, or
large substrate to protect juvenile fish from predators and to
allow resting areas for migrating adults.

Historically, urban and residential development in the
Kenai River watershed has been sparse, and thus sources of
water pollution have been few. This lack of development also
means that an abundance of undisturbed riparian areas is
available to contribute streamside cover and food for salmon
migrating or rearing in the river. Salmon also provide the
Kenai River with a source of nutrients from spawned-out
dead carcasses. Glacier-fed rivers can be nutrient-poor
systems, and the salmon themselves are an important source
of nutrients for streamside vegetation and benthic
macroinvertebrates. Extensive periods of sustained flow
during the months of June through September provide
adequate water depths and navigable water velocities, giving
the salmon ample opportunities to migrate into and spawn in
the river and its tributaries. When flows are reduced in the
winter, Kenai and Skilak Lakes provide over-wintering
habitat for rearing salmon. The Kenai River is providing
salmon with a healthy environment, and much of the river’s
environment is influenced by the effects of glaciers.

GLACIER EFFECTS ON AQUATIC
HABITAT IN THE KENAI RIVER

The effect of glaciers on the aquatic habitat in the Kenai
River’s watershed has been documented in an investigation
of erosion and sedimentation along the river (Scott, 1982).
Glaciers formed terminal moraines along the river during
various stages of advance (fig. 2). Steep-gradient segments
or rapids are found where the river crosses these moraines.
Immediately downstream from these rapids, material in the
stream channel and banks is coarse and resistant to move-
ment. The stability of these steep segments of the river is
evident in constancy in their bank positions over time (Scott,
1982). The instability of segments of the river upstream and
downstream from these steep segments is shown by greater
changes in their bank positions over time (Scott, 1982). The
streambank material in these segments of greater channel
movement is easily eroded unconsolidated alluvium, depos-
ited by past glaciation in the watershed.

Scott (1982) describes a period between 12,000 and
8,420 years ago, when the Kenai River was diverted upstream
from Skilak Lake into Hidden Lake and flowed down the
East Fork of the Moose River (fig. 2). The diversion prob-
ably existed until the final advance of Skilak Glacier. Dur-
ing the subsequent period when the Kenai River entered and
exited Skilak Lake, glaciers were more extensive in the wa-
tershed than they are now, and meltwater runoff was much
greater than it is at present (Karlstrom, 1964; Reger and oth-
ers, 1996; Scott, 1982). These large flows carved a large river
channel. However, the present Kenai River is smaller, and
much of its channel is under-fit and stable under the present
flow regime. This channel stability helps maintain spawning
and rearing habitat, as long as there is no increased siltation
caused by anthropogenic influences. The short-term effect
of channel stability is to maintain aquatic habitat. However,
during the long term, habitat created by the stable channel is
degraded as fine-grained sediments accumulate when the
streamflow is not adequate to move the streambed. Accumu-
lation of fine-grained sediment significantly reduces the qual-
ity of important spawning and rearing habitat by suffocating
or entrapping incubating eggs and by reducing the clarity of
the water, making it difficult for juvenile salmon to find food.
Any mitigation of human activities on the river will be more
effective if it can be tailored to local differences in hydro-
logic and geologic characteristics.

The effects of glaciers on aquatic habitat in the Kenai
River may be illustrated by a comparison of chinook salmon
escapement numbers from another river without glaciers in
its watershed. The Deshka River is a popular chinook salmon
fishing river that drains about 950 km? on the west side of
Cook Inlet. This river is about 58 km northwest of Anchor-
age, extends for nearly 100 km inland, and is not easily ac-
cessible from the road system. Thus, far fewer people use
this river than use the Kenai River. The Deshka River water-
shed is generally in its natural state, and the chinook salmon
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escapement numbers represent annual totals available for re-
production (table 2). The chinook salmon escapement from
the Deshka River is as much as 55 percent and as little as 27
percent of that in the Kenai River (table 2). The mean es-
capement for the Kenai River is about 5.6 times that for the
Deshka River. However, these escapement numbers can be
normalized for differences in available habitat between the
Kenai River (5,700 km?) and the Deshka River (950 km?) by
dividing each escapement value by the square root of the
drainage area. This results in an approximation of salmon
escapement per unit length of each river and indicates a 2.28
times greater escapement in the Kenai River.

Hydrologic and geomorphic differences associated with
the absence or presence of glaciers in the watersheds of the
two river systems probably contribute to the difference in
salmon escapement numbers. For example, the mean sum-
mer flow for the months of June, July, and August—when
chinook salmon escapement takes place—is much lower in
the Deshka River than in the Kenai River (U.S. Geological

Survey, 1986 and 1996). The mean summer flow in the
Deshka River as runoff per kilometer of watershed area is
0.03 (m%/s)/km, and in the Kenai River it is 0.06 (m?s)/km.
The unit runoff values indicate the significant hydrologic
effect of glaciers providing melt water to sustain flows in the
Kenai River during the escapement period. As a result, the
primary period for spawning in the Deshka River will be
shorter than that in the Kenai River. In the Deshka River,
however, streamflow results primarily from rainfall and snow-
melt runoff. Although detailed geomorphic information is
not available to compare the Deshka River with the Kenai
River, it might provide additional evidence of the role of gla-
ciers to influence channel stability and provide aquatic habi-
tat.

The nature of the streambed and streambank material
along the Kenai River is also influenced by the past and
present glaciers in the watershed. The riverbed is generally
coarser and more armored than that of the Deshka River, as
a result of glacial activity. Larger porous substrate provides
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Table 2. Escapement of chinook salmon in the Deshka
River and Kenai River, 1987-96

[Data from Alaska Department of Fish and Game]

Year Deshka River ~ Kenai River
1987 15,028 70,036
1988 19,200 72,888
1989 5,036 47,027
1990 18,166 33,036
1991 8,112 45,824
1992 7,736 40,401
1993 5,769 69,595
1994 2,665 71,877
1995 10,048 66,220
1996 14,354 77,439

a stable environment and allows adequate water and oxygen
flow through the substrate in spawning sites. Streambanks
composed of unconsolidated alluvium are more easily eroded
than are armored streambeds or banks composed of coarse
outwash or cohesive tills.

Coarse bed material that may be naturally resistant to
erosion is, however, susceptible to siltation of the gravel in-
terstices. Once deposited, fine-grained sediment within the
coarse gravel is rarely washed away. On the Kenai River,
this washing away of accumulated fine-grained sediment
occurs only when streamflow is great enough to erode the
armored bed material. During a large flood in September1995,
which has an estimated recurrence interval of 100 years, the
streambed was eroded as much as 1.5 m at the stream-gag-
ing station in Soldotna (Dorava, 1996). In comparison, dur-
ing the 10-year period between 1980-90, less than 0.5 m of
total erosion occurred at this site. Additionally, large gravel
dunes in the river channel downstream from Skilak Lake did
not move significantly during the 100-year flood in 1995.
Periodic releases of water stored by glaciers in headwater
tributaries have also produced outburst floods on a 2- to 3-
year cycle on the Kenai River (Post and Mayo, 1971).
At present, it is uncertain whether these periodic outburst
floods erode the streambed or at what discharge the armored
streambed on the Kenai River will erode.

The change in aquatic habitat near a streamside struc-
ture is influenced primarily by the alterations the structure
makes to available cover for fish, to water velocity, and to
substrate size. Antecedent conditions in the river, which are
influenced by glaciers in the watershed and inherited effects
from ancient glaciers, generally control the quality of exist-
ing aquatic habitat. The hydraulic characteristics of the Kenai
River near structures (such as jetties, docks, and boat
launches) are influenced by the presence of upstream gla-
ciers in the watershed (Dorava, 1995). During most of the

year when temperatures are low, glacier melting and runoff
are also low, and structures along the Kenai River are above
the water line. During periods of increased flow in the sum-
mer, many of the structures along the Kenai River are in the
water. These structures modify aquatic habitat in terms of
cover they provide; they also alter the natural water velocity
and flow direction. A jetty or groin extending into the river
is more likely to cause erosion where the channel is narrow,
where bank and bed materials are relatively small and un-
consolidated, and where water velocities are high.

The potential effects of increased urbanization of the
watershed and increased power-boat use on the river are also
influenced by glaciers. When new structures are built or
power-boat use is concentrated in areas having unconsoli-
dated glacial deposits that are easy to erode, rapid destruc-
tion of aquatic habitat will result. The degradation of aquatic
habitat will be slower in areas where large material was de-
posited as glacial outwash or where clay-rich glacial tills are
more resistant to erosion. For example, large boulders de-
posited in the river near Soldotna reduce the speed of local
boat traffic and also naturally mitigate the erosive boatwake
energy. Other areas of unconsolidated alluvium near Ster-
ling erode easily and are more susceptible to human activi-
ties.

SUMMARY

Recent U.S. Geological Survey investigations of aquatic
habitat, erosion, and hydraulics on the Kenai River have iden-
tified the important role of glaciers in creating and maintain-
ing aquatic habitat in the watershed. The Kenai River is
different from rivers that do not have glaciers in their water-
sheds because the glaciers affect the river’s aquatic habitat
by controlling its hydrologic and geomorphic characteris-
tics. Many of the unique glacial features of the Kenai River
(such as the sustained high flows for extended periods, the
two large lakes in the watershed, and the stable channel con-
figuration) provide juvenile chinook salmon with their most
important aquatic-habitat attributes: Navigable water veloci-
ties, abundant cover, and appropriate substrate sizes. Recog-
nizing the role of glaciers in the watershed has implications
for mitigating potential damage to the aquatic habitat result-
ing from human activities.
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THE CHEMISTRY OF NATURAL WATERS DRAINING CHROMITE-BEARING ULTRAMAFIC COMPLEXES IN ALASKA

Table 1.
complexes—Continued.

15

Analytical data on water samples collected at Red Mountain and Siniktanneyak Mountain ultramafic

Field No. S¢ Cr  Ma Fe Ni Cu Zn St Ba Pb - so,- NO-  TDS
ppb ppb  ppb  ppb ppb ppb  ppb ppb ppb ppb  ppb ppb ppb  ppb
Background <0.5 <0.2-3.5 <20-20 <6 0.3-0.6 0.8-1.4 <0.5 900-2.200 3,200-4.000
RM-01 07 08 1.6 72 <6 09 10 1.6 24 60 1.400 480 <200 34.848
RM-02 09 05 0.9 4 <6 26 47 22 09 20 2.200 820 <200 71579
RM-03 08 10 0.3 50 <6 16 34 25 14 65 2,000 550 <200 43455
RM-04 <06 1.0 0.5 0 <6 16 16 26 11 51 2.200 540 260 50,776
RM-05 <0.6 0.5 07 40 <6 10 10 25 21 10 1.200 2700 <200 38.753
RM-06 <0.6 <0.5 02 <20 <6 <03 09 22 08 10 560 560 250 48.189
RM-06 0.6 <0.5 03 20 <6 49 32 22 08 1.0 NA NA NA 47318
RM-07 1.0 <05 <02 20 <6 04 15 28 1.0 <05 520 520 <200  50.099
SN-01 <20 <2 38 <200 6 <09 <3 04 09 <03 150 280 <200 <59.571
SN-02 <20 <2 €09 <200 <4 <09 <3 31 <02 <03 <100 <200 <200 <30.193
SN-03 20 <2 37 <200 <4 1O 5 33 03 04 <100 <200 <200 <30.301
SN-04 <20 <2 €09 <00 <4 <09 <3 20 <02 <03 150 <200 <200 <32.982
SN-05 <20 <2 10 <200 <4 09 <3 26 05 03 110 <200 <200 -31.240

ing ultramafic complexes. In addition, analyses of river,
lake, or marine sediments located at the points of out-
flow should be analyzed for chromium content due to the
likelihood that once chromium is released to the envi-
ronment in an oxidizing fluid, it will reprecipitate as
amorphous chromium hydroxide (Cr[OH],) linked to the
reduction of ferrous iron in sediments or to the degrada-
tion of organic material (Hem, 1977; Simon and others,
1994). Under normal climatic conditions and pH ranges
of most natural waters, Cr% contamination from chromite-
bearing ultramafic complexes does not appear to pose a
significant environmental threat.
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Age, Isotopic, and Geochemical Studies of the
Fortyseven Creek Au-As-Sb-W Prospect and
Vicinity, Southwestern Alaska

By John E. Gray, Carol A. Gent, Lawrence W. Snee, and Peter M. Theodorakos

ABSTRACT

The Fortyseven Creek Au-As-Sb-W prospect consists
of quartz veins that contain minor amounts of arsenopyrite,
scheelite, stibnite, gold, pyrite, wolframite, jamesonite, and
argentite, with locally abundant sericite. Mineralized veins
are found in graywacke and shale hornfels of the Cretaceous
Kuskokwim Group; locally, the sedimentary rocks are cut by
small, Late Cretaceous to early Tertiary granite porphyry dikes.
Although the lode has not been mined, about 28 kg of gold
and 1,900 kg of scheelite have been recovered from a placer
mine downstream from the prospect on Fortyseven Creek.
Because there is considerable exploration for such gold de-
posits in southwestern Alaska, we collected stream-sediment
and heavy-mineral-concentrate samples for exploration
geochemical studies, as well as various samples of ore and
gangue minerals from mineralized veins to evaluate the
geochemistry, age, and formation of the deposit.

Stream-sediment and heavy-mineral-concentrate
samples collected along Fortyseven Creek downstream from
the prospect contain elevated concentrations of As, Ag, Au,
Sb, Bi, and W, which are consistent with the mineralogy of
the lode. For example, stream-sediment samples collected
from Fortyseven Creek contain as much as 330 parts per mil-
lion (ppm) As, 1.0 ppm Au, 8.7 ppm Bi, 29 ppm Sb, and 800
ppm W; heavy-mineral-concentrate samples contain as much
as 300 ppm Ag, 2,000 ppm Bi, more than 1,000 ppm Au, and
more than 20,000 ppm W.

We obtained a “*Ar/?Ar plateau age of 67.1%0.1 Ma for
hydrothermal sericite separated from a sample of mineral-
ized quartz vein. This age represents the best estimate for the
timing of mineralization at Fortyseven Creek and is similar
to ages for Late Cretaceous to early Tertiary subduction-re-
lated intrusions found throughout southwestern Alaska. The
Fortyseven Creek age is also within the range of ages of about
63 to 71 Ma obtained for granite porphyry bodies near other
southwestern Alaska gold deposits such as Donlin Creek and
Golden Horn, which have similar geological, mineralogical,
and geochemical characteristics to those of Fortyseven Creek.

Preliminary isotopic studies of ore and gangue minerals sug-
gest that ore fluids were probably derived from both mag-
matic fluids and surrounding sedimentary rocks. Oxygen and
hydrogen isotopic compositions of hydrothermal quartz and
sericite yield calculated ore-fluid compositions of about 10.4
per mil 3'*0 and —47 per mil 8D (at 330°C), which were prob-
ably of magmatic origin or highly exchanged meteoric water.
Sulfur isotopic compositions for arsenopyrite (—7.8 %00 8*S)
and pyrite (6.7 %00 8*S) indicate derivation of sulfur pre-
dominantly from surrounding sedimentary rocks of the
Kuskokwim Group. These preliminary data suggest that
Fortyseven Creek mineralization probably developed in re-
sponse to high heat flow related to local Late Cretaceous ig-
neous activity that initiated thermal convection and induced
contact metamorphism in the sedimentary rocks. Resultant
hydrothermal activity expelled fluids that flowed through lo-
cal fractures and faults and reacted with surrounding sedi-
mentary wallrocks.

INTRODUCTION

The Fortyseven Creek Au-As-Sb-W prospect is located
about 80 km southwest of Sleetmute, on the ridge crest
at the headwaters of Fortyseven Creek, a tributary of the
Holitna River (fig. 1). This lode and an associated gold placer
mine on Fortyseven Creek about 3 km downstream from the
prospect was discovered in 1947 by Russell Schaeffer. The
lode was first described by Cady and others (1955) as a quartz-
scheelite-gold-bearing shear zone cutting silicified graywacke
and shale of the Kuskokwim Group. Additional exploration
and geologic mapping of the Fortyseven Creek area was con-
ducted by Hawley (1989), who described quartz veins cut-
ting silicified sedimentary rock hornfels of the Kuskokwim
Group; granite porphyry intrusions cut the sedimentary rocks
in the Fortyseven Creek area. Hawley (1989) also found mi-
nor amounts of arsenopyrite, scheelite, stibnite, gold, pyrite,
wolframite, jamesonite, and argentite in the veins, with lo-
cally abundant sericite (hydrothermal-vein muscovite); these
veins were traceable laterally for greater than 1,000 m. Some
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mineralized samples contain more than 34 ppm Au (1 oz/t)
(Hawley, 1989). The vein has not been mined. However,
from 1948 to 1954, about 28 kg of gold (891 oz) and about
1,900 kg (5,000 Ibs) of scheelite, containing 67 to 77 percent
WO,;, were recovered by Schaeffer from the placer mine on
Fortyseven Creek downstream from the lode (Hawley, 1989).

Several companies conducted exploration of the
Fortyseven Creek area in the 1970’s and 1980’s, including
Homestake, Amax, American Copper and Nickel, and Ana-
conda (Hawley, 1989). More recently, from 1991 to 1994,
Nevada Star Resources conducted exploration of the area that
included minor prospect trenching, an extensive soil
geochemical survey, and exploration drilling (Maynard, 1995).
Nevada Star collected more than 200 soil samples along the
ridges at the headwaters of Fortyseven Creek and found highly
elevated concentrations of Au (as much as 1.3 ppm), As (as
much as 8,230 ppm), Bi (as much as 100 ppm), Cu (as much

as 322 ppm), Sb (as much as 106 ppm), and W (as much as
510 ppm) in these soils. Nevada Star used soil anomalies of
Au, As, and Bi to delineate several target areas for three ex-
ploration drill holes. Dirilling was difficult due to circula-
tion-loss and hole-caving problems. Consequently, only one
drill hole penetrated significant mineralized rock about 44 to
105 m (145 to 345 ft) below the surface that contained as
much as 1.2 ppm Au (Maynard, 1995).

The Fortyseven Creek prospect has similar geologic and
geochemical characteristics to other gold deposits in south-
western Alaska such as the Au-As-W Golden Horn mine near
Flat, and the Au-As-Sb Donlin Creek deposit (fig. 1). There
is presently considerable exploration for such gold deposits
in southwestern Alaska, but these deposits have not been well
studied. We visited the Fortyseven Creek areain 1991 as part
of U.S. Geological Survey (USGS) mineral resource assess-
ments in southwestern Alaska. Our objective was to obtain

EXPLANATION

Volcanic rocks (Late Cretaceous to carly Tertiary)

.2 Granite porphyry (Late Cretaceous to early Tertiary)

M Volcanic-plutonic complexes
(Late Cretaceous to early Tertiary)

Kuskokwim Group (Cretaceous )--sedimentary rocks

FW| Farewell terrane (Cambrian to Cretaceous)

= Faults
— Contact

50 KILOMETERS
|

S —0 D

S0 MILES
prospect

2 &
l Fortyseven Creek%x -

—62°

deposit | |
Red Devil mine X" __ Sleetmute ,~
o

¢

Fer1°

158° 156°

Figure 1. Geologic map of the Fortyseven Creek prospect and vicinity in southwestern Alaska, generalized from Cady and others
(1955), Hoare and Coonrad (1959), Decker and others (1984), Decker and others (1994), Decker and others (1995), Miller and Bundtzen

(1994), and Bundtzen and Miller (1997).



AGE, ISOTOPIC, AND GEOCHEMICAL STUDIES OF THE FORTYSEVEN CREEK 19

(1) exploration geochemical data for stream-sediment and
heavy-mineral-concentrate samples collected from streams
surrounding the prospect, (2) geochemical data for mineral-
ized vein samples collected from the prospect, (3) a “Ar/*Ar
age for sericite from a hydrothermal quartz vein sample, and
(4) oxygen and hydrogen isotopic compositions from vein
gangue minerals and sulfur isotopic compositions from ore
minerals for ore genesis studies.

GEOLOGIC SETTING

Rocks in the Fortyseven Creek area consist largely of
interbedded graywacke and siltstone of the Cretaceous
Kuskokwim Group that are cut by small granite porphyry in-
trusions of probable Late Cretaceous or early Tertiary age
(Cady and others, 1955; Hawley, 1989). The Kuskokwim
Group is a sequence of flysch representing turbidite fan,
foreslope, shallow-marine, and shelf facies deposited into an
elongate, northeast trending, fault-controlled Cretaceous ba-
sin (Decker and Hoare, 1982; Bundtzen and Gilbert, 1983).
Fossil ages for the Kuskokwim Group range from Albian to
Campanian (Cady and others, 1955; Hoare and Coonrad, 1959;
Box and Murphy, 1987; Box and Elder, 1992; Miller and
Bundtzen, 1994). Rocks of the Kuskokwim Group have un-
dergone little or no regional metamorphism (Miller and oth-
ers, 1989). The Kuskokwim Group is postaccretionary, over-
lying rocks of adjacent tectonostratigraphic terranes in the
region (Miller and others, 1989).

Granite porphyry intrusions in the Fortyseven Creek
area are similar to those found elsewhere in southwestern
Alaska. These intrusions are generally peraluminous in com-
position, with Al,O, exceeding Na,0+K,0+Ca0, and locally
contain igneous garnet (Bundtzen and Swanson, 1984; Moll-
Stalcup, 1994). The granite porphyry near Fortyseven Creek
has not been dated, but similar rocks in southwestern Alaska
are Late Cretaceous and early Tertiary (about 72 to 61 Ma),
based on K-Ar determinations (Reifenstuhl and others, 1984;
Robinson and Decker, 1986; Decker and others, 1986; 1995;
Miller and Bundtzen, 1994; Bundtzen and Miller, 1997). Late
Cretaceous and early Tertiary magmatism is interpreted to be
related to a broad subduction arc (Moll-Stalcup, 1994,
Szumigala, 1993). Granite porphyry intrusions are impor-
tant in southwestern Alaska because they show a close spa-
tial and temporal association with Au-As-Sb-W vein and Hg-
Sb vein deposits (Cady and others, 1955; Bundtzen and Miller,
1997; Gray and others, 1997).

SOUTHWESTERN ALASKA
GOLD DEPOSITS SIMILAR TO
FORTYSEVEN CREEK

The Fortyseven Creek prospect is similar geologically,
geochemically, and mineralogically to other gold deposits in

southwestern Alaska such as the Au-As-W Golden Horn mine
and the Au-As-Sb Donlin Creek deposit (fig. 1). At the Golden
Horn mine, quartz-carbonate veins contain scheelite, gold,
arsenopyrite, pyrite, stibnite, chalcopyrite, galena, sphaler-
ite, cinnabar, and lead-antimony sulfosalts; sericite and anker-
ite gangue are common (Bull, 1988; Bundtzen and others,
1992; Szumigala, 1993). Mineralized veins cut monzonitic
rocks of the Black Creek Stock and surrounding sedimentary
rocks of the Kuskokwim Group. Locally, granite porphyry
dikes cut the stock (Bundtzen and others, 1992). Stocks in
the Flat area yield K/Ar ages of 63.4 to 70.9 Ma and granite
porphyries are 64.3 to 69.3 Ma in age (Bundizen and others,
1992). Golden Horn was mined from 1925 to 1937 and pro-
duced 84,156 g of gold (2,706 oz), 81,482 g of silver (2,620
0z), and 4,243 kg of lead (9,336 1bs) (Bundtzen and others,
1992). In addition, numerous placer mines in the Flat area
(the Iditarod district) have produced 48,560 kg of gold
(1,561,524 oz) since 1909 (Bundtzen and others, 1996).

At Donlin Creek, quartz veins contain stibnite, pyrite,
arsenopyrite, cinnabar, and antimony sulfosalts, as well as
local carbonate, clay, limonite, and sericite gangue (Bundtzen
and Miller, 1997). Mineralized veins are in peraluminous
granite porphyry dikes and sills and in surrounding sedimen-
tary rocks of the Kuskokwim Group. Granite porphyries in
the Donlin Creek area yield K/Ar ages of 65.1 to 70.9 Ma
(Miller and Bundtzen, 1994). Gold deposits at Donlin Creek
are estimated to contain 44,000,000 t of ore grading 2.5 g/t
(0.08 oztt) of gold, or about 3,600,000 oz of gold (Millholland
and Freeman, 1997). Placer mines in the Donlin Creek area
have recovered about 733 kg (23,500 oz) of gold (Bundtzen
and Miller, 1997).

Similarly, the Fortyseven Creek prospect consists pri-
marily of hydrothermal quartz veins in sheared and faulted
graywacke and siltstone of the Kuskokwim Group. Mineral-
ized vein and adjacent altered wallrock samples that contain
as much as 200 ppm As, 0.033 ppm Au, 6.7 ppm Sb, and 10
ppm W (table 1); these results are consistent with the ore min-
eralogy of the veins that contain arsenopyrite, scheelite, stib-
nite, gold, pyrite, wolframite, jamesonite, and argentite.

GEOCHEMICAL AND MINERALOGICAL
METHODS

Stream-sediment and panned-concentrate samples were
collected from 12 sites around the Fortyseven Creek prospect
(fig. 2). The stream-sediment samples were air dried, sieved
to minus-80 mesh, pulverized, and chemically analyzed. The
panned-concentrate samples were separated using bromoform
to remove lighter minerals, primarily quartz and feldspar, then
separated magnetically into magnetic, paramagnetic, and non-
magnetic fractions. The nonmagnetic heavy-mineral fraction
from each sample was ground and chemically analyzed.

The stream-sediment and rock samples were chemically
analyzed by several techniques. Concentrations of Ag, As,
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Sb, Bi, Cd, Cu, Mo, Pb, and Zn were determined by induc-
tively coupled plasma (ICP) atomic-emission spectrometry
using the procedure developed by Motooka (1996). Concen-
trations of Au were determined by an atomic-absorption spec-
trophotometry (AAS) technique adapted from Hubert and
Chao (1985) or by graphite furnace atomic-absorption spec-
trophotometry (GFAAS) using the technique adapted from
Meier (1980). Mercury was measured using a cold-vapor
AAS technique (Kennedy and Crock, 1987). Tungsten was
determined by a visual spectrophotometry technique described
by Welsch (1983).

The nonmagnetic heavy-mineral-concentrate samples
were analyzed by a semiquantitative arc-emission spec-
trographic (SQS) technique adapted from Grimes and
Marranzino (1968) for 37 elements including Ag, As, Au, Bi,
Sb, and W reported here. Using a binocular microscope, the
abundance of gold, sulfide minerals (such as pyrite, cinnabar,
stibnite, and arsenopyrite), and oxide minerals (such as

scheelite) were identified in the nonmagnetic heavy-mineral
concentrates samples.

STREAM-SEDIMENT AND HEAVY-
MINERAL-CONCENTRATE RESULTS

Stream-sediment samples collected downstream from
the Fortyseven Creek prospect are characterized by elevated
concentrations of Au, As, Bi, Sb, and W (fig. 3), which is
consistent with the vein mineralogy of the prospect. Gener-
ally, these elements show consistent geochemical dispersion
patterns (fig. 3) and are diagnostic exploration guides for this
type of mineral deposit. For example, stream-sediment sample
FS08S, collected less than 1 km downstream from the
Fortyseven Creek prospect trenches, contains 330 ppm As,
1.0 ppm Au, 8.7 ppm Bi, 29 ppm Sb, and 800 ppm W, which
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Figure 2. Location of mineralized rock, stream-sediment, and heavy-mineral-concentrate samples collected in this study.
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are highly elevated relative to background concentrations for
this region (table 1). In addition, stream-sediment sample
FSO1S, collected about 5 km downstream from the prospect,
contains 110 ppm As, 0.008 ppm Au, 1.9 ppm Sb, and 11
ppm W, indicating the usefulness of such elements for trac-
ing upstream mineral deposits of this type.

Similarly, anomalous concentrations of Au, Ag, Bi, Sb,
and W are observed in the geochemical data of the heavy-
mineral concentrates. For example, heavy-mineral-concen-
trate sample FSO7C collected less than 1 km from the pros-
pect, contains 300 ppm Ag, 2,000 ppm Bi, greater than 1,000
ppm Au, and 10,000 ppm W; three additional concentrate
samples contain more than 20,000 ppm W (table 1). Concen-
trate sample FSO0C, collected farthest from the prospect, con-
tains 30 ppm Ag, 500 ppm Au, 1,000 ppm Sb, and 2,000 ppm
W (table 1). Most of the heavy-mineral-concentrates col-
lected along Fortyseven Creek downstream from the pros-
pect contain visible gold, arsenopyrite, stibnite, pyrite, and
significant quantities of scheelite. Concentrate sample FSO7C
contains 12 flakes of gold.

GEOCHRONOLOGY

Hydrothermal sericite in a vein sample containing quartz
and minor scheelite and pyrite was collected from the
Fortyseven Creek prospect (fig. 4). We separated the sericite
by hand picking to obtain a sample with a purity of about 99
percent. The age of this sericite sample was determined us-
ing the ®Ar/¥Ar technique (Dallmeyer, 1975; Dalrymple and
others, 1981). A major advantage of the *Ar/*Ar technique
is that, for a single sample, a series of ages can be calculated
for each of several progressively increasing temperature steps,
usually 10 to 15 steps ranging from about 400to 1,500°C.
Although argon loss or gain is often observed in the initial
heating steps, a plateau age is commonly produced by the
later heating steps. A plateau age represents the average age
of the undisturbed portion of the age spectrum and is defined
by two or more successive heating steps with overlapping
ages within analytical error. Generally, these gas fractions
that yield similar ages make up more than 50 percent of the
total gas released. Plateau ages are the best estimate of when
the sample closed to diffusion of argon (Snee and others,
1988).

The Fortyseven Creek sericite sample yielded a pla-
teau age of 67.1%£0.1 Ma, based on five heating steps from
850to 1,050°C (table 2, fig. 5). This hydrothermal-sericite
age is within the range of ages of about 63 to 71 Ma obtained
for granite porphyry near other southwestern Alaska gold de-
posits such as Donlin Creek and Golden Horn. If the granite
porphyry at Fortyseven Creek has a similar age, there would
be a temporal relationship between mineralization and
magmatism. Two K-Ar ages previously reported for hydro-
thermal sericite from veins at the Fortyseven Creek prospect
are 57 Ma (Nokleberg and others, 1987) and 60.9%1.8 Ma

(Decker and others, 1995). The total gas age (65.810.1 Ma,
table 2) for the sericite sample that we collected in this study
does not overlap with these previously reported K-Ar ages at
1 sigma. It is possible that the range in ages indicates that the
duration of mineralization at Fortyseven Creek was long-lived
(57-67 Ma), although this seems unlikely. Our “®Ar/*Ar age
spectrum shows significant argon loss in the lower tempera-
ture steps, and it is possible that the previously reported K-Ar
hydrothermal sericite ages may have had similar argon loss.
However, the advantage of the “Ar/*Ar step-wise heating
method is that it is possible to see through such argon loss,
and therefore, we suggest that our “*Ar/*Ar plateau age (67.1
0.1 Ma) represents the most likely age of mineralization at
Fortyseven Creek.

FLUID-INCLUSION STUDIES

Fluid-inclusion studies were conducted on quartz-vein
samples from the Fortyseven Creek prospect primarily to pro-
vide ore-forming temperatures to be used in isotopic model-
ing calculations. Fluid-inclusion studies are presently ongo-
ing and these results are preliminary. Fluid-inclusions stud-
ied were in hydrothermal milky-quartz crystals containing or
intergrown with arsenopyrite or stibnite. The inclusions ob-
served were small, generally about 10 microns in diameter,
and were most commonly isolated inclusions along quartz-
crystal growth planes. Fluid-inclusions studied were classi-
fied as primary using the criteria described by Roedder (1979).
Secondary inclusions were also observed, but not studied.
Microthermometry measurements have been hindered by the
size of the inclusions, and thus only homogenization tem-
peratures are reported in this study. Fluid-inclusion measure-
ments were made on doubly polished thin sections of vein
samples using a modified U.S. Geological Survey gas-flow
heating and cooling stage. Inclusions were frozen and then
slowly heated to determine homogenization temperatures. Ho-
mogenization temperatures for the fluid inclusions were de-
termined when the vapor bubble disappeared and was thus
homogenized into the liquid phase. Analytical reproducibil-
ity is about £3°C for homogenization temperatures.

The fluid inclusions studied were a two-phase, liquid+
vapor type. Fluid inclusion homogenization temperatures were
measured for 40 inclusions, and these temperature ranged from
260 to 382°C (fig. 6). The average homogenization tempera-
ture is about 330°C. These are reasonable ore-forming tem-
peratures for Fortyseven Creek and are similar to those re-
ported for other gold deposits in southwestern Alaska. For
instance, fluid-inclusion homogenization temperatures for the
Golden Horn deposit average about 272°C, and equilibrium
ore-fluid temperatures of 300 to 350°C were estimated using
an arsenopyrite geothermometer (Bull, 1988; Bundtzen and
others, 1992). Fluid-inclusion studies of samples from the
Donlin Creek deposit indicate formation temperatures of about
250°C (Millholland and Freeman, 1997).
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Table 2. “°Ar/*Ar data for hydrothermal-vein sericite sample collected from the Fortyseven Creek prospect.
Temp°C  *Ar, BAre F ¥Ar,, Radiogenicyield ¥Ar/*Ar  Apparent age
(% of total) (%) +lo (Ma)
600 0.07317  0.02619 2.794 04 345 204 37.58 £2.53
700 1.00194 26343 3.803 43 68.6 256 50.97 £0.08
800 2.96658 65173 4.552 10.6 91.2 799 60.84 + 0.09
850 8.45530 1.68466 5.019 27.5 98.1 6,134 66.97 £ 0.10
900 5.33447 1.05726 5.046 17.3 98.6 3,629 67.31+0.10
950 2.96921 .59100 5.024 9.7 98.1 3,912 67.03+0.10
1,000 1.97877 .39413 5.021 6.4 97.6 3,493 66.99+0.18
1,050 2.24077 44645 5.019 7.3 97.2 12,864 66.97 £ 0.10
1,150 3.89673 76081 5.122 12.4 98.3 10,302 68.31 +£0.10
1,300 1.27719 24753 5.160 4.0 97.6 126,861 68.81 +0.16

Sample weight = 26.5 mg; J value = 0.007535.

F is the ratio of **Ar, (radiogenic “°Ar) to *Ary (potassium derived *Ar) of the sample.
J = (e - D/(®Arg/°Ary),,, where tm is the age of the primary flux monitor, (*Ary/*Ary),, is the measured

ratio of the standard, A = 5.543 x 10"%r.
Total gas age = 65.8+ 0.1 Ma.
Plateau age = 67.1 £ 0.1 Ma.

Plateau on steps 850°C to 1,050°C and contains 68.2 percent of the gas.
Plateau minimum = 67.0 Ma. Plateau maximum = 67.3 Ma.

topic-exchange equation for water-rock systems of Field and
Fifarek (1985). Variables in these calculations included (1)
the initial isotopic composition of meteoric water in south-
western Alaska of 8'*0 = =20 per mil and 8D = —150 per mil,
(2) the average oxygen-isotopic composition of surrounding
Kuskokwim Group wallrocks (6'*0=+18%w), (3) ore-forma-
tion temperatures ranging from about 260 to 380°C, and (4)
water-to-rock ratios of 10, 1, 0.1, and 0.01. Using this ap-
proach, evolution paths of meteoric water were generated with
varying water-to-rock ratios at 260 and 380°C (fig. 7). These
calculations indicate that when meteoric water exchanges with
surrounding sedimentary wallrocks at 380°C and low water-
to-rock ratios (0.01), it is possible to shift the final fluid 8'*0O
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Figure 6. Homogenization temperatures for fluid inclusions in
samples of vein quartz from the Fortyseven Creek prospect.

to 12.9 per mil and 8D to —62 per mil (fig. 7). These are the
heaviest 8'30 and 8D fluid compositions that can be obtained
by isotopic exchange of meteoric water with surrounding
Kuskokwim Group sedimentary wallrocks at 380°C.

The oxygen and hydrogen isotopic data obtained for
the Fortyseven Creek samples indicate that the fluids respon-
sible for ore formation were probably of magmatic origin or
highly exchanged meteoric water, or a mixture of both. For
example, at 330°C (the average ore-forming temperature) the
calculated 8'*0 fluid compositions of 10.4 (quartz) and 11.2
(sericite), and a calculated 8D value of —47 (sericite), plot
near the magmatic water field (commonly 8'*0 = +5 to +10
per mil and 8D = —80 to —40 per mil; Taylor, 1979). This ore-
fluid composition is also similar to what would be obtained if
meteoric water was isotopically exchanged with surrounding
wallrocks at 330°C and a 0.01 water-rock ratio. The isotopic
results for Fortyseven Creek suggest that the dominant ore-
fluid source was probably of magmatic origin, which is con-
sistent with the spatial association of a granite porphyry in-
trusion at the prospect; however, exchanged meteoric water
also cannot be ruled out.

SULFUR ISOTOPIC COMPOSITIONS

Sulfur isotopic ratios were determined for separates of
arsenopyrite and pyrite from mineralized vein samples to iden-
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Table 3. Summary of isotope data for the Fortyseven Creek prospect.

[V-SMOW, Vienna Standard Mean Ocean Water; CDT, Canyon Diablo Troilite; all val-
ues are per mil; —, not applicable]

Mineral 80y smow 8Dy smow 8*Scpr
Hydrothermal quartz 16.3 -117 -
Hydrothermal sericite 13.9 -89 --
Pyrite - -- -6.7
Arsenopyrite -- - -7.8

tify possible sources of sulfur involved during the formation
of the Fortyseven Creek deposit. Sulfur isotopic ratios were
measured using mass spectrometry procedures similar to those
described by Yanaglsawa and Sakal (1983). Sulfur isotope
ratios are expressed relative to Canyon Diablo Troilite and
have a precision of £0.2 per mil.

The 8*S values for arsenopyrite (—7.8%0) and pyrite (-
6.7%00) from Fortyseven Creek (table 3, fig. 8) are within the
range of 3*S values (—26.5 to —5.2%w) determined for sedi-
mentary rocks of the Kuskokwim Group (Gray and others,
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Fortyseven Creek ore fluids, calculated at 330°C using the fraction-
ation equation from Clayton and others (1972). Fields shown for
reference are metamorphic and magmatic waters (Taylor, 1979), and
organic waters (derived from organic matter during processes such
as dehydration, dehydrogenation, or oxidation) (Sheppard, 1986).
Water-rock curves were calculated at 260 and 380°C (the range in
ore-forming temperatures) from equation of Field and Fifarek (1985),
using water-rock ratios of 10, 1, 0.1, and 0.01 as shown. SMOW,
standard mean ocean water.

1997); in fact, the pyrite and arsenopyrite values are most
similar to the —8.3 per mil 8*S value determined for a sample
of graywacke from the Kuskokwim Group collected near to
the Fortyseven Creek prospect (fig. 8). In addition, assuming
sulfide precipitation at about 300°C and using the isotope frac-
tionation equation for pyrite-H,S (Ohmoto and Rye, 1979),
the isotopic composition of ore-fluid H,S calculated to be in
equilibrium with this pyrite is 7.9 per mil 6*S, which is also
similar to the composition of the nearby Kuskokwim Group
shale. This result is also consistent with derivation of sulfur
from surrounding sedimentary rocks during the formation of
the Fortyseven Creek deposit. The negative 8*S values for
sulfide minerals from Fortyseven Creek indicate derivation
from a light sulfur source, which may be sedimentary pyrite
and organic sulfur leached from surrounding sedimentary
rocks during ore formation.

Similar to the oxygen and hydrogen isotopic data, a
small component of magmatic sulfur (§**S=0%3%00; Ohmoto
and Rye, 1979) cannot be ruled out because the average 3*S
composition (about —15%) of the Kuskokwim Group sedi-
mentary rocks is slightly lighter than that of the Fortyseven
Creek sulfide samples and indicates minor involvement of a
heavier sulfur isotope source. A Late Cretaceous to early
Tertiary granite porphyry intrusion near the Foryseven Creek
prospect is a potential source of magmatic sulfur that may
have been part of the ore-forming fluids. Such magmatic
sulfur could be derived directly from magmatic fluids or from
the dissolution of sulfide minerals in the igneous rocks dur-
ing hydrothermal alteration.

SUMMARY

Geochemical dispersion patterns in stream-sediment and
heavy-mineral-concentrate samples indicate that Au, As, Sb,

Fortyseven Creek data
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Figure 8. Sulfur isotopic compositions for pyrite and arsenopy-
rite separated from mineralized vein samples collected from the
Fortyseven Creek prospect. Sulfur isotope compositions for sedi-
mentary rocks of the Kuskokwim Group (Gray and others, 1997)
shown for reference.
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Bi, and W are diagnostic of the upstream Fortyseven Creek
prospect. These results are consistent with the ore mineral-
ogy of the prospect that contains scheelite, arsenopyrite, stib-
nite, and gold. Thus, anomalous concentrations of these ele-
ments can be used in exploration for deposits of similar type
throughout southwestern Alaska.

We suggest that the age of mineralization at Fortyseven
Creek is 67.110.1 Ma on the basis of a ®Ar/*Ar plateau age
obtained for a sample of sericite intergrown with hydrother-
mal vein quartz that was collected from the prospect. This
hydrothermal-sericite age is within the range of ages of about
63 to 71 Ma obtained for granite porphyry bodies near other
southwestern Alaska gold deposits such as Donlin Creek and
Golden Horn, which have geologic, mineralogical, and
geochemical characteristics similar to those of Fortyseven
Creek. Assuming that granite porphyry at Fortyseven Creek
has a similar age, there may be a temporal relation between
mineralization and Late Cretaceous and early Tertiary
magmatism.

Oxygen, hydrogen, and sulfur isotopic data for the
Fortyseven Creek prospect probably indicate that ore fluids
were derived during the interaction of a nearby granite por-
phyry intrusion with surrounding sedimentary rocks of the
Kuskokwim Group. Calculated oxygen and hydrogen isoto-
pic compositions of the ore fluids suggest that they were of
magmatic origin, but that the source of sulfur was probably
the surrounding sedimentary wallrocks. High heat flow re-
lated to local igneous activity probably initiated thermal con-
vection and induced contact metamorphism in the surround-
ing sedimentary rocks. Resultant hydrothermal activity ex-
pelled fluids that flowed through local fractures and faults
and reacted with wallrocks.
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Geology and Gold Resources of the Stuyahok Area, Holy
Cross Quadrangle, Southwestern Alaska

By Marti L. Miller, Thomas K. Bundtzen, and William J. Keith

ABSTRACT

In 1995, under a cooperative agreement with Calista
Corporation, the U.S. Geological Survey performed geo-
logic mapping and geochemical sampling in the Stuyahok
area of south-central Holy Cross quadrangle. The area is
underlain largely by Lower Cretaceous tuff, volcaniclastic
rocks, and lava flows of the Koyukuk terrane. These
Lower Cretaceous rocks are cut by younger mafic and
felsic dikes, which are similar to Late Cretaceous and
early Tertiary dikes that are found in many parts of west-
central and southwestern Alaska. Placer mining in the
Stuyahok area has yielded an estimated 933 kg (30,000
oz) of gold, most of which was mined prior to 1940. The
area is still actively mined. Results of this study indicate
that additional placer gold resources are likely to be
present, and that feldspar-quartz porphyry dikes (similar
to peraluminous granite porphyry dikes found elsewhere
in southwestern Alaska) are the probable source of at least
some of the placer gold. Lode gold resources are diffi-
cult to evaluate on the basis of available information, but,
if present, they most likely lie near the current placer
workings, where they may be related to the feldspar-
quartz porphyry dikes or possibly to the south near Chase
Mountain, where they may be related either to felsic dikes
or to an unexposed pluton.

INTRODUCTION

The Stuyahok study area lies north of the Yukon
River in the south-central part of the Holy Cross
1:250,000-scale quadrangle (fig. 1). The study area en-
compasses approximately 142 km? surrounding placer
gold deposits on Flat Creek and other small tributaries to
the Stuyahok River (fig. 2). We estimate mineral pro-
duction for the Stuyahok area to be about 933 kg (30,000
oz) of placer gold. Prior to this field investigation, little
information was available about the geology or mineral
resources of the Stuyahok area, and all published reports
were based on site investigations made before 1940. Our

work provides detailed information on the geologic set-
ting of this gold-bearing area and gives an overview of
the geochemical expression of the gold resources.

The Stuyahok area is characterized by wide, sedi-
ment-filled, heavily vegetated valleys that separate ac-
cordant rounded ridges. The lowest valley elevation is
about 122 m; the highest point in the study area is the top
of Chase Mountain'at 576 m (fig. 3). Hillsides are cov-
ered by thick brush up to about 274 m elevation. Access
to the region is primarily by air. When the ground is
frozen, a 19-km-long trail provides surface access from
the Yukon River. Much of the study area is either owned
or selected by Calista Corporation (an Alaska Native re-
gional corporation established under the 1971 Alaska
Native Claims Settlement Act). The remaining land
within the study area is under selection by the State of
Alaska (fig. 2).

This investigation was conducted in cooperation with
Calista Corporation under a U.S. Geological Survey
(USGS) Cooperative Research and Development Agree-
ment (CRADA). The purpose of our joint study was to
conduct geologic mapping and to collect samples for
geochemical studies in the Stuyahok area. Field work
was performed from August 7 to 25, 1995, by four people
from the USGS, one from the Alaska Division of Geo-
logical and Geophysical Surveys, and two from Calista.
Miller and others (1996) summarized the geological
and mineral resource results of the project. Geochemi-
cal data were reported by Keith and others (1996) and
Bailey and others (1996). In addition to providing new
and more detailed information—point count and mi-
croprobe data, more detail on the geologic setting, and
a geologic cross section—this paper interprets geo-
logic data to specifically assess the gold resources of
the Stuyahok area.

! Chase Mountain is the unofficial local name for this peak in honor
of W.C. Chase, who was an early developer of the placer gold deposits.
We have submitted the name to the Alaska Historical Commission for
official consideration.
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Table 3. Microprobe analyses of fourteen 6- to 40-mesh placer-gold grains (sample 95BT246) from Flat Creek, Stuyahok

River drainage, Marshall-Anvik district, Alaska.

[All values in percent. Gold grains were analyzed using ARL SEMQ electron microprobe (25 KV accelerating voltage, 0.05 LA beam current) by Cannon
Microprobe Inc., which was equipped with six wavelength dispersive GE XRD-6 x-ray spectrometers (35 KV accelerating voltage, 10 mA beam current).
Standards were pure metal for Au, Ag, Cu, and Sb; HgS for Hg. Backgrounds for other metals were obtained using mean atomic number]}

Grain number Au Cu Sb Ag Hg Totals*
143 73.094 0.000 0.000 25.756 0.135 98.985
144 66.051 0.000 0.000 34.103 0.172 100.326
147 81.054 0.000 0.000 17.451 0.252 98.757
148 76.254 0.000 0.013 23.696 0.259 100.222
151 73.883 0.000 0.000 26.192 0.310 100.385
152 83.506 0.000 0.000 15.718 0.000 99.224
153 77.322 0.124 0.000 21.556 0.540 99.542
156 80.333 0.000 0.000 19.939 0.094 100.366
319 89.137 0.000 0.000 11.741 0.000 100.878
320 75.510 0.000 0.096 23.788 0.077 99.471
325 64.432 0.000 0.077 35.559 0.460 100.528
322 78.850 0.000 0.098 21.729 0.000 100.677
326 81.447 0.000 0.000 19.159 0.076 100.682
327 82.424 0.000 0.062 17.204 0.255 99.945

Average --- 71.378 0.009 0.025 22.399 0.188 99.999

* Totals recalculated less Bi, which ranged from 0 to 2.8%, but which was not reliable due to problems with standards.

On the basis of several lines of evidence, we sug-
gest that the most promising lode targets in the study area
are mineralized feldspar-quartz porphyry dikes and as-
sociated country rock, much like the gold-polymetallic-
associated, peraluminous granite-porphyry dikes found
in other parts of the Kuskokwim mineral belt (Bundtzen
and Miller, 1997). The placer gold in Flat Creek is found
downslope or downstream from west-trending feldspar-
quartz porphyry dikes. Similarly, the gold anomalies in
sediments from Last Chance Creek are also spatially as-
sociated with feldspar-quartz porphyry dikes. Mine con-
centrate samples from Flat Creek contain garnet, cinna-
bar, and arsenopyrite, characteristic of the heavy miner-
als associated with placer gold derived from granite-por-
phyry-hosted, gold-polymetallic deposits (Bundtzen and
Miller, 1997). Soil samples from the Flat Creek area
contain gold (from 95 to 295 ppb), and one feldspar-quartz
porphyry dike from Last Chance Creek contains gold
above the limit of determination. In peraluminous gran-
ite-porphyry-hosted, gold-polymetallic deposits, gold is
found in both the dikes themselves and the enclosing
country rock (Bundtzen and Miller, 1997). It is possible
that the two gold-bearing tuff samples were spatially as-
sociated with unrecognized feldspar-quartz porphyry
dikes.

Lode targets for further exploration are concentrated
in two areas of mineralized feldspar-quartz porphyry dikes
(fig. 7). The first area is defined by a west-trending, 2.4-
km-long zone of feldspar-quartz porphyry and granodior-
ite dikes discontinuously exposed in Flat Creek, Hazel

Gulch, and Discovery Gulch, and probably also in the
lower reaches of Last Chance Creek (Area 1, fig. 7). The
second area lies about 1.6 km south of the first and is
defined by at least a dozen vertically-dipping felsic to
intermediate dikes that intrude Chase Mountain (Area 2,
fig. 7). Geochemical data for selected elements from all
analyzed felsic dike samples from Area 1 (15 samples)
and Area 2 (21 samples) are presented in table 4. Al-
though the dikes are petrographically similar in these two
areas, their geochemical signatures are slightly different.

In Area 1, feldspar-quartz porphyry dikes near the
placer workings (fig. 7) locally contain sparsely dissemi-
nated arsenopyrite, pyrite, and stockwork quartz veins that
extend into the volcanic country rocks in some places.
Argillic, carbonate, and chalcedonic alteration are found
locally in feldspar-quartz porphyry samples from both
Hazel and Discovery Gulches. Four of six grab samples
of dike rock from these gulches (table 4) contain elevated
As (as much as 636 ppm), Hg (as much as 3,290 ppb), Sb
(as much as 60 ppm), and locally Ag (as much as 0.36
ppm), but no detectable Au. Feldspar-quartz porphyry
dike rocks from the lower part of Last Chance Creek in
Area 1 are highly weathered and locally show extensive
limonitic alteration. Three of five rock grab samples from
here contain elevated concentrations of As (as much as
80 ppm), Hg (as much as 550 ppb), and locally Ag (as
much as 0.4 ppm); one sample contains 5 ppb Au. El-
evated values of As, Hg, Sb, and Ag are present locally
in feldspar-quartz porphyry dike samples from the south
side of Flat Creek. On the north side of Flat Creek (map
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Table 4. Selected analytical results from all felsic dike (largely feldspar-quartz porphyry) samples collected in Area 1 and Area 2 (fig. 7).

[Sample locations and complete analytical results are given in Keith and others (1996). Samples collected for this study (sample numbers preceded by “95”) were analyzed by
Chemex Labs. All other samples were analyzed by Bondar-Clegg. Analytical methods used were as follows: fire assay for Au (detection by atomic absorption spectrometry),
cold vapor atomic absorption for Hg, and inductively coupled plasma-atomic emission spectroscopy for other elements—except for samples collected by Calista. For these
samples (sample numbers preceded by “Calista”) Ag, Pb, and Zn were determined by atomic absorption spectrometry and As was determined by colorimetry. Detection limits
for some elements varied by lab and (or) analytical method. Detection limits for each element are as follows (values in parentheses in the table had the limits that follow in
parentheses here): Au, 5 ppb; Ag, 0.2 ppm (0.02 ppm); As, 2 ppm (5 ppm); Bi, 2 ppm; Cd, 0.5 ppm; Hg, 10 ppb (5 ppb); Pb, 2 ppm; Sb, 2 ppm (5 ppm); and Zn, 2 ppm (1 ppm).

na, not analyzed]
Sample Secondary minerals or Au Ag As Bi Cd Hg Pb Sb Zn
number sulfides noted (ppb) (ppm) (ppm) (ppm) (ppm) (ppb) (ppm) (ppm) (ppm)
AREA |
95AEbO0O3A  Not known if present ---------- <5 <02 12 <2 2.0 20 6 <2 272
95AEb041 Not known if present ---------- <5 0.2 80 <2 <0.5 550 22 <2 32
95AMO85A White mica, chlorite ---------- <5 <02 10 <2 <0.5 20 4 <2 58
95AMO085B | § 05311 F:15 |1 - ——— <5 <02 20 <2 <0.5 360 6 2 14
95AMO86A  Pyrite in quartz vein ----------- <5 (0.36) 22 2 <0.5 10 20 <2 54
95BT243Z Chalcedony --------==-=enemnemn- <5 (0.36) 34 2 <0.5 3,290 34 16 82
95BT244B Hematite ------=-smmmmmmmmemeee o <5 <02 16 <2 <0.5 340 16 2 62
95BT244Z Chalcedony healed breccia --- <5 <0.2 636 <2 3.0 2,270 28 60 328
95BT245 Hematite, white mica -------—- <5 <02 14 4 <0.5 20 12 <2 58
RAA7814R Opaques, silica, clay ---------- <5 0.7 (148) 41 na (3500) 60 57 (195)
RAAT815R Disseminated pyrite ----------- <5 0.3 87 20 na (4400) 20 27 (184)
Calista S1 Not known if present ---------- <5 0.4 37 na na (35) 17 na (49)
Calista S7 Limonite, carbonate, quartz -- <5 0.3 80 na na (1950) 7 na (108)
Calista S10 Not known if present ---------- <5 <0.2 38 na na (110) 7 na (76)
Calista S22 Not known if present ---------- 5 <02 53 na na (130) 11 na (40)
AREA 2
95AEb031 Not known if present ---------- <5 <02 58 <2 <0.5 100 20 <2 46
95AM004C Chlorite, calcite, opaques ---- <5 <02 4 <2 <0.5 20 <2 <2 48
95AMO005D White mica, chlorite, calcite - <5 <02 6 2 <0.5 30 82 2 76
95AMO0OSE Hematite, white mica --------- <5 <02 6 <2 <0.5 150 14 2 44
95AMO0SF White mica, opaques --=------- <5 <02 104 <2 <0.5 100 24 4 64
95AMO06A  Pyrite, white mica, calcite ---- <5 <0.2 10 <2 <0.5 10 12 2 54
95AMO07A Opaques, white mica, chlorite <5  <0.2 2 <2 <0.5 10 12 <2 58
95AMO08C Pyrite, white mica, chlorite -- <5 0.24) 12 2 <0.5 10 14 <2 82
95AMO33A Opaques, calcite, chlorite ---- <5 <02 6 <2 <0.5 <10 8 4 46
95AMO35A  Opaques, calcite, chlorite ---- <5 <02 <2 <2 <05 <10 8 2 52
95AMO83A  Limonite, white mica --------- <5 (0.40) 30 <2 5.0 170 224 2 460
95AMO83B Pyrite, calcite --------=-m-m-mes-- <5 (0.32) 10 2 <0.5 <10 22 2 40
* 95BF003 Disseminated pyrite, chlorite <5 <02 12 6 <0.5 <10 16 <2 44
95BF006 Chlorite, hematite ------------- <5 0.8 4 8 1.5 10 150 <2 294
95BF011 Oxidized sulfides, white mica <5 0.2 12 <2 0.5 <10 144 <2 206
95BF013 Chlorite, epidote, white mica <5 0.4 12 <2 <0.5 10 88 2 118
95BF071B Pyrite, white mica -------ee---- <5 04 20 2 <0.5 10 36 <2 56
95BF072 Sulfides, chlorite -------------- <5 0.8 6 6 <0.5 10 146 <2 130
Calista S4 Carbonate, limonite ----------- <5 1.1 40 na na (15) 29 na (40)
Calista S5 Pyrite, limonite --+=------------ <5 0.2 150 na na (60) 11 na  (1177)
. Calista S6 Disseminated pyrite ----------- <5 1.4 12 na na (10) 20 na 35)

location 13, fig. 7), a hematite-altered felsic tuff sample
(95AMO0IC, table 2) contains 10 ppb Au, 102 ppm As,
620 ppb Hg, 8 ppm Sb, and 0.4 ppm Ag, similar to the
geochemical signature expressed in some of the dike
samples from Area 1. A few elevated concentrations of
Bi, Cd, and Zn are found among the 15 feldspar-quartz
porphyry dike samples-analyzed from Area 1.

In Area 2, feldspar-quartz porphyry dikes are found
within a pronounced hornfels aureole on Chase Moun-
tain, about 3.2 km southwest of the placer tailings on Flat
Creek (fig. 7). The hornfels aureole reached hornblende-
hornfels facies conditions, which probably predated the
felsic dike intrusion. Minor sericitic, argillic, and
propyllitic alteration are found in many of the dikes.



GEOLOGY AND GOLD RESOURCES OF THE STUYAHOK AREA, HOLY CROSS QUADRANGLE, SOUTHWESTALASKA 47

Zones of disseminated pyrite are found in altered dike
rocks, and in wall rock hornfels adjacent to the dikes.
Unlike the mineralized feldspar-quartz porphyry dikes
exposed in Flat Creek, which contain elevated concen-
trations of As, Hg, Sb, and Ag, the mineralized felsic dikes
on Chase Mountain generally show elevated concentra-
tions of Pb (as much as 224 ppm), Zn (as much as 1,177
ppm), and Ag (as much as 1.4 ppm). Altered country
rocks near the dikes contain elevated concentrations of
Bi (as much as 14 ppm) and locally Ag (as much as 0.6
ppm). Three rock samples from Area 2 (map numbers 4,
5, and 26, fig. 7) contain gold (7 to 10 ppb). A sample of
lithic tuff (map number 4) that has secondary calcite,
silica, and hematite, contains 10 ppb Au and 4 ppm Bi.
Two samples of unknown rock type (RAA2229 and
RAA2389, map numbers 5 and 26, respectively), contain
7 ppb Au and as much as 297 ppm As. The feldspar-
quartz porphyry dikes and nearby volcanic country rocks
are hydrothermally altered, locally contain sulfide min-
erals, and show slightly elevated concentrations of Pb,
Zn, Ag, and Bi. The dikes are the most likely source for the
anomalous concentrations of gold in rock samples collected
from Area 2. However, the gold could be associated with
the cupola of the postulated underlying pluton.

DISCUSSION

A likely lode source for placer gold deposits of Flat
Creek, and perhaps also the placer gold anomalies of Last
Chance Creek, are feldspar-quartz porphyry dikes and
their country rock. These dikes, and their associated
placer gold deposits, are similar to those found at Wil-
low Creek (near Marshall) and Kako Creek, southwest of
the Stuyahok study area (fig. 1). At both Willow Creek
and Kako Creek, which together make up most of the
Marshall mining district, west-trending swarms of feld-
spar-quartz porphyry dikes of granodiorite to granite com-
position cut volcanic-dominant rocks of the Koyukuk ter-
rane (Bundtzen and Miller, 1997). These are the same
type of felsic dike rocks and volcanic host rocks that we
have mapped in the Stuyahok study area. K-Ar ages of
66 Ma (biotite) and 69 Ma (muscovite) have been ob-
tained from mineralized intrusions at Willow Creek and
Kako Creek, respectively (T.K. Bundtzen, unpub. data,
1996). The prominent dike swarm of the Willow Creek
and Kako Creek areas projects toward the Stuyahok study
area.

Geologic and mineralogical characteristics of the
mineralized, feldspar-quartz porphyry dikes of the Flat
Creek drainage (including alteration, trace-metal content,
dike emplacement style, chemistry, and age), are similar
to those of the dikes associated with peraluminous gran-
ite-porphyry-hosted, gold-polymetallic deposits in south-
western Alaska (Bundtzen and Miller, 1997). Such de-

posits commonly contain elevated concentrations of Hg,
As, Sb, Ag, and Au. Late Cretaceous and early Tertiary
peraluminous felsic dikes associated with this deposit type
are interpreted to be the source of about 20 percent of the
placer gold produced in the Kuskokwim mineral belt, and
to host about 80 percent of the known lode gold (Bundtzen
and Miller, 1997). An example of this deposit type is the
Donlin Creek lode deposit near Aniak (fig. 1) that is cur-
rently being explored by Placer Dome U.S., Inc.; they
have outlined a preliminary resource of 112,000 kg (3.6
million 0z) of gold (Dodd, 1996).

The feldspar-quartz porphyry dikes exposed on
Chase Mountain are similar to those of the Flat Creek
drainage in chemical composition, alteration, and em-
placement style, but their geochemical signature, which
includes Pb, Zn, Ag, and Bi, is not typical of the
peraluminous granite-porphyry-hosted gold deposit type.
Elsewhere in southwestern Alaska, this geochemical sig-
nature is found in cupolas and overlying hornfels associ-
ated with plutonic-related, boron-enriched, silver-tin-
polymetallic deposits (Bundtzen and Miller, 1997). Such
polymetallic deposits generally have high Ag-to-Au ra-
tios and significant amounts of Pb, Zn, Sn, As, and Bi.
The geochemical signature recognized on Chase Moun-
tain could be related to an unexposed pluton. We are
uncertain whether the gold anomalies associated with
Chase Mountain are related to the feldspar-quartz por-
phyry dikes or to the postulated pluton.

SUMMARY AND CONCLUSIONS

The bedrock geology of the Stuyahok area consists
primarily of Lower Cretaceous tuff, volcaniclastic rocks,
and flows of the Koyukuk terrane. These rocks show both
subaerial and subaqueous features that indicate deposi-
tion near an emergent/submergent margin of a marine
basin. Modal analysis of interbedded sandstones indi-
cates erosion of an undissected magmatic arc, but local
sources of Paleozoic limestone were also present. The
rocks were tilted and regionally metamorphosed (locally
reaching prehnite-pumpellyite facies) prior to intrusion
by dominantly west-trending Late Cretaceous and early
Tertiary felsic and mafic dikes. High-angle faults of un-
known displacement trend northeast and northwest across
the study area. Unconsolidated Quaternary deposits over-
lap the older rocks and cover about 70 percent of the area.

Approximately 933 kg (30,000 oz) of gold has been
produced from placer deposits in the Stuyahok area, and
gold remains the area’s most significant mineral resource.
Additional placer resources probably lie in Area 1 (fig.
7), particularly upstream from the present workings on
Flat Creek, and also on Last Chance Creek. We are not
certain about the source of the placer gold, but our re-
sults are consistent with the suggestion made by earlier
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workers (Joesting, 1938; Retherford and McAtee, 1994)
that feldspar-quartz porphyry dikes in the area of the
placer workings (Area 1, fig. 7) may be a source of gold.
This conclusion is based mainly on the similarity between
the geology and geochemistry of the Stuyahok placer
deposits and those at Willow Creek, Kako Creek, and
Donlin Creek, where the gold is derived from
peraluminous granite porphyry dikes and associated coun-
try rock (Bundtzen and Miller, 1997). Anomalous con-
centrations of Hg + As + Sb were found in samples col-
lected in Area 1. Although this geochemical signature is
consistent with peraluminous granite-porphyry-hosted
gold, it is also consistent with the signature of other
epithermal lodes found in southwestern Alaska (Sainsbury
and MacKevett, 1965; Goldfarb and others, 1990), so we
cannot rule out the possibility of an additional lode source
of gold. The gold fineness data from Flat Creek suggest
that more than one lode zone contributed gold to the
placer. This could mean that more than one lode zone is
present within the feldspar-quartz porphyry dikes or that
two different lode types exist.

If lode gold resources are present, they will prob-
ably be found in an area that encompasses the present
placer workings and much of the terrace on the south side
of Flat Creek (Area 1, fig. 7) or perhaps on Chase Moun-
tain and its north flank (Area 2, fig. 7). In Area 1, gold
appears to be spatially associated with west-trending
felsic dikes that are largely concealed under Quaternary
deposits. The granite porphyry-hosted, gold-polymetallic
mineral deposit type described for the Kuskokwim min-
eral belt in Bundtzen and Miller (1997) is consistent with
the overall characteristics of the mineralized dikes in this
area. The mineralized area probably extends for several
kilometers up valley but may be low grade. Area 2 is
also characterized by closely spaced, near-vertical feld-
spar-quartz porphyry dikes, but hornblende-hornfels fa-
cies contact metamorphism indicates Chase Mountain
may be underlain by an unexposed pluton. The elemen-
tal signature exhibited on Chase Mountain (Pb, Zn, Ag,
and Bi) is similar to that associated with some plutonic-
related deposits found in other parts of southwestern
Alaska that have high Ag-to-Au ratios (Bundtzen and
Miller, 1997). We are uncertain if the minor gold anoma-
lies found in rock samples from Chase Mountain are re-
lated to the hornfels or to the feldspar-quartz porphyry
dikes. However, given the presence of feldspar-quartz
porphyry dikes like those of Area 1 and the possibility of
plutonic-related mineralized rock, we must include Chase
Mountain as a possible gold resource area.
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Radiolarian and Conodont Biostratigraphy of the Type Section
of the Akmalik Chert (Mississippian), Brooks Range, Alaska

By Charles D. Blome, Katherine M. Reed, and Anita G. Harris

ABSTRACT

Radiolarians recovered from 21 of 112 samples from
the nearly 73-m-thick type section of the Akmalik Chert
and its counterpart on the opposite side of Akmalik Creek
(lat. 68°23.13'N., long. 154°19.2'W,, Killik River quad-
rangle, Alaska) are Mississippian (middle Osagean to
probably late Meramecian) in age. Sparse albaillellids
include, from oldest to youngest, Albaillella perforata,
A. sp. cf. A. ramsbottomi, A. sp. cf. A. cartalla, and A.
furcata. Also present are Pylentonema sp. cf. P. antiqua
and Archocyrtium sp., several spumellarians including
scharfenbergiids, and an unidentified conical radiolarian.
A dolomitic limestone at the base of the Akmalik Chert
type section contains conodonts that indicate a Missis-
sippian age (early half of the Osagean); they range from
the Gnathodus typicus Zone into the Scaliognathus
anchoralis-Doliognathus latus Zone. Conodonts re-
stricted to the uppermost Upper G. typicus Subzone
through most of the S. anchoralis-D. latus Zone (middle
Osagean) are present in samples collected from 12.1 to
16.2 m above the base of the type section. A middle
Osagean to Pennsylvanian conodont, most likely no
younger than early Chesterian, was found at 39.7 m. One
specimen of G. texanus (late Osagean to early Chesterian)
was found 8 m below the top of the Akmalik Chert in a
section about 0.2 km west of the type section. Conodont
biofacies and taphonomy suggest that conodonts in the
Akmalik Chert may have been deposited in a dominantly
foreslope and basin (near toe-of-slope) depositional set-
ting; some conodonts were subsequently hydraulically
transported farther basinward.

INTRODUCTION

Microfossils have substantially aided correlation of
Paleozoic units in the central Brooks Range in northern
Alaska (for example, Murchey and others, 1988;
Holdsworth and Murchey, 1988; Dumoulin and Harris,
1993; Dumoulin and others, 1993, 1994). One of the most
widespread Paleozoic units in the central Brooks Range

is the Carboniferous Lisburne Group (fig. 1A4). In the sub-
surface of northern Alaska and in outcrop in the north-
castern and east-central Brooks Range, the Lisburne
Group is dominantly thick gray limestone. However, to
the southwest and west (north of 68° and between about
159° and 165°W) in the western Endicott Mountains
(northern front of the Brooks Range) and the De Long
Mountains, it includes dark siliceous mudstone and chert
units that are generally older than the limestone (Moore
and others, 1994; Krumhardt and others, 1996). These
black mudstones and cherts, originally referred to as
“black Lisburne” by Tailleur and others (1966), repre-
sent facies deposited south (present coordinates) of the
limestone facies adjacent to the northern basin margin.
These siliceous sediments may have been deposited first
in the area that is now the southwestern Brooks Range
and adjacent parts of the National Petroleum Reserve in
Alaska, to the north, in areas of deeper water that were
possibly related to creation of extensional basins
(Mayfield and others, 1988). These dark siliceous rocks
and associated sedimentary units deposited in various
parts of the Mississippian basin were thrust faulted in a
series of telescoped allochthons (fig. 14) during the Late
Jurassic to Cretaceous development of the Brooks Range
orogen (Moore and others, 1994).

The black siliceous rock units are radiolarian bear-
ing and occur predominantly in the lithologic sequences
of three allochthons that constitute most of the central
and western Brooks Range. The units consist of (1) the
Kuna Formation (Mull and others, 1982), which is part
of the Endicott Mountains allochthon (fig. 1A), the struc-
turally lowest of the major allochthons, (2) the Akmalik
Chert (Mull and others, 1987), which is part of the Pic-
nic Creek allochthon (fig. 14), and (3) the Rim Butte unit
(informal name, Dumoulin and others, 1994), included
in the Picnic Creek and Ipnavik River allochthons (fig.
1A). However, according to C.G. Mull (Alaska Division
of Geological and Geophysical Surveys, written
commun., 1996), the Rim Butte unit occurs only in the
Ipnavik River allochthon. The Kuna, Akmalik, and Rim
Butte units include, in many places, distal turbidites and
radiolarian-rich sediments deposited on a basin floor that

51



52 GEOLOGIC STUDIES IN ALASKA BY THE U.S. GEOLOGICAL SURVEY, 1996

was less well oxygenated than that of the older Kayak
Shale or the coeval and younger platform carbonates of
the Lisburne Group (Dumoulin and Harris, 1993).

The dark-colored rock assemblages of the Lisburne
Group that include siliceous mudstone and chert have
similar conodont and stratigraphic ages that range from
the early Osagean to about middle Meramecian
(Dumoulin and others, 1994). However, a limestone
sample collected in 1985 from near the base of the type
section (section A, fig. 1B) of the Akmalik Chert yielded
chiefly Osagean conodonts, as well as a few anomalous
latest Mississippian and Pennsylvanian conodonts (Mull
and others, 1987). We resampled the section in detail
because of the mixed conodont fauna as well as to test
the increasing reliability of Paleozoic radiolarian bios-

tratigraphy. We collected and processed 112 samples for
radiolarians from section A and its counterpart (section
B, fig. 1B) on the opposite side of Akmalik Creek, con-
sidered unpublished data of A.K. Armstrong (U.S. Geo-
logical Survey, retired) from a nearby third section (sec-
tion C, fig. 1B), and used co-occurring conodonts from
19 limestone and chert samples for independent biostrati-
graphic control.

GEOLOGIC SETTING

The Akmalik Chert (Mull and others, 1987) is ex-
posed along both sides of Akmalik Creek, a tributary of
the Killik River, about 3 km south-southwest of Kikiktat
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A. Diagram showing allochthons (in structural order) that make up
the Brooks Range, relation of the Picnic Creek allochthon to other
allochthons, and the generalized stratigraphy of the Picnic Creek
allochthon (modified from Moore and others, 1994). The Picnic
Creek allochthon is well exposed in the Killik River quadrangle
(fig. 1B) and contains the Mississippian Akmalik Chert. See figure
3 for detailed lithostratigraphy of the Akmalik Chert.

B. Location of study area in the Killik River quadrangle, northern
Brooks Range, Alaska. Inset shows the detailed location of three
sections of Akmalik Chert examined in this study; contour interval
is 200 m. A, location of type section (93CB-006); B, location of
section on west side of Akmalik Creek (93CB-004); C, section still
farther west that was measured and collected by A.K. Armstrong
(USGS, unpub. data, 1982, 1983). Outcrop area of the formation in
this quadrangle is less than 0.1 km north to south and about 0.25
km east to west.
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they range from the uppermost Upper G. typicus
Subzone through most of the S. anchoralis-D. latus
Zone (fig. 4 and table 1). The highest conodont sample
from section A (table 1, 93CB-00600) yielded one
juvenile Pa element of a hindeodid or synclydognathid
(fig. 5J). Hindeodids range into the very earliest Tri-
assic, but synclydognathids do not extend beyond the
early Chesterian. The stratigraphic position of the
sample, however, restricts the age range to middle
Osagean through Pennsylvanian, and the sample most
likely is no younger than early Chesterian because the
diagnostic radiolarian species Albaillella sp. cf. A.
cartalla (fig. 4) was found in the section above 93CB-
00600. Chert beds in section A generally yield only
a few small conodont fragments or juveniles, indicat-
ing that the conodonts were deposited as distal win-
nows. The conodont genera and species also suggest
derivation from chiefly foreslope and basin biofacies.

Section C (figs. 1B, 3) lies along an unnamed
tributary to Akmalik Creek about 0.2 km west of sec-
tion A. Two samples from this section collected by
A K. Armstrong in 1982 produced two forms: a juve-
nile Gnathodus texanus Roundy in a sample from 22
m above the base of the section (USGS colln. 29103-
PC; figs. 5N, O) and an even smaller juvenile
Gnathodus sp. indet. from 4 m higher (USGS colln.
29104-PC) (A.G. Harris, written commun., 1983).
Gnathodus texanus ranges from the late Osagean (base
of Polygnathus mehli-Lower G. texanus Zone) into the
early Chesterian; representatives of that genus, how-
ever, extend into the very earliest Pennsylvanian. Thus,
it seems unlikely that the top of the Akmalik Chert
extends much, if at all, beyond the early Chesterian
because the contact with the overlying Imnaitchiak
Chert at section C is at 28 m above the base of the
section (C.G. Mull, Alaska Division of Geological and
Geophysical Surveys, written commun., 1996) and
only 6 m above the level that produced G. texanus.

The CAI values of conodonts from the Akmalik
Creek exposures are generally 3-3.5, and less com-
monly, 3 and 3.5-4. The two rather small conodonts
from section C have an apparent CAI of 2-2.5, but it
is more likely to be 3 or 3.5. These CAI values indi-
cate the Akmalik Chert along Akmalik Creek reached
about 130° to 180°C during metamorphism.

RADIOLARIANS

Preservation of the Akmalik Creek radiolarians
(figs. 6, 7) is generally poor. Of the 63 samples col-
lected from section A and 49 samples from section B,
only about 20 percent yielded biostratigraphically use-
ful taxa. Most samples collected from the upper part
of section A contain poorly preserved radiolarians that

could not be used for age determination. We were un-
able to safely measure and collect the upper part of
section B. Nonetheless, the 21 samples containing
identifiable radiolarians greatly enlarge the published
database for Mississippian radiolarians from the north-
ern Brooks Range. Excluding samples mentioned in
theses, less than 25 samples (most of them not taken
from measured sections) containing Mississippian ra-
diolarians are mentioned in the published literature
(Murchey and others, 1988, p. 703-709). Four samples
of Mississippian age are from the Nigu Bluff section
in the Howard Pass quadrangle (Holdsworth and
Murchey, 1988) on the higher Ipnavik River allochthon
(C.G. Mull, written commun., 1997).

Studies by Won (1983, 1990, 1991a, b) of faunas in
Germany provide important identifications and age cor-
relations for the Akmalik Chert specimens. Our sparse
faunas are not particularly diverse, but they do contain
some taxa (primarily albaillellids and scharfenbergiids)
in common with the German faunas. Specimens assigned
to Pylentonema sp. cf. P. antiqua Deflandre and
Archocyrtium sp. cf. A. coronasimilae Won are the first
of these taxa to be described from the North Slope. Also,
the albaillellid, Albaillella sp. cf. A. ramsbottomi
Schwartzapfel and Holdsworth (fig. 7:5) from 32.4 m in
section B, appears to be a new morphotype for North
Slope faunas.

Radiolarians from samples collected at section A in-
dicate an age range from early/middle Osagean to at least
late Meramecian (or even Chesterian). This age range is
slightly longer than that indicated by the conodonts from
the darker facies of the Lisburne Group (Dumoulin and
others, 1994).

A comparison of the radiolarians and conodonts from
section C with those from sections A and B shows that
the lower part of section C contains younger Mississip-
pian faunas than those in the lower parts of the sections
along Akmalik Creek. Tests and h-frames of Albaillella
cartalla (K.M. Reed, unpub. data, 1983) are well pre-
served at 6 m above the base of section C. Scharfenbergia
impella also is present at the base of section C. At least
one specimen similar to Albaillella sp. aff. A. cylindra,
of middle(?) to late Meramecian age (Schwartzapfel and
Holdsworth, 1996, pls. 29, 35) was found about midway
through this section. As noted above, the conodont
Gnathodus texanus, found at 22 m above the base of the
section, ranges from the late Osagean into the early
Chesterian.

RADIOLARIAN SYSTEMATICS

The following is an abbreviated systematic discus-
sion of the Mississippian radiolarian taxa found in the
cherty samples of the Akmalik Chert. Refer to Gourmelon
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(1987), Holdsworth and Murchey (1988), Won (1983,
1990, 1991a, b), and Schwartzapfel and Holdsworth
(1996) for expanded synonymies for most of the taxa dis-
cussed.

Class ACTINOPODA

Subclass RADIOLARIA

Order POLYCYSTIDA Ehrenberg 1838, emend. Riedel 1967

Suborder ALBAILLELLARIA Deflandre 1953;
emend. Holdsworth 1969

Superfamily Albaillellacea Cheng 1986

Family Albaillellidae Deflandre 1952; emend. Holdsworth 1977

Genus Albaillella Deflandre, 1952; emend. Holdsworth 1966
Type species Albaillella paradoxa Deflandre 1952

The Akmalik Chert contains representatives of two
broad groupings of albaillellids and several other related
forms.

Albaillella indensis group
Figures 6:1-4; 7:1, 3, 4

Remarks-The older of the two groups is the
Albaillella indensis group. The forms in this group de-
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Figure 4. Conodont and radiolarian zonations for rocks.of Osagean to early Chesterian (Mississippian) age. Columns A-C,
chronostratigraphic units: A, North American series; B, Western European stages; C, Belgian zones. D, Western United States conodont
zones (from Poole and Sandberg, 1991); E, radiolarian zones of Schwartzapfel and Holdsworth (1996). F, ranges of selected North Slope
radiolarian taxa (Holdsworth and Murchey, 1988); the younger groups and taxon are as young as Pennsylvanian. G, preliminary radi-
olarian zonation of Won (1991a). Correlation of series, stages, and zones interpreted from Higgins and others (1991), Poole and Sandberg

(1991), and Schwartzapfel and Holdsworth (1996, p. 46).
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Scharfenbergia sp. cf. S. concentrica (Riist)

Figure 6:23

Spongotripus concentricus Riist, 1892, p. 173, pl. 25, fig. 4

Scharfenbergia concentrica (Riist 1892); Won, 1983, p. 159,
pl. 9, figs. 1-7, pl. 11, figs. 1, 2a, 3a

Remarks—This fragmentary specimen collected at
63.3 m in section A retains traces of two edges and the open
spongy meshwork of this species (for example, Won, 1983,
pl. 9, fig. 5). The meshwork fines toward the surface. Won’s
(1983) specimens are considered to be late Viséan (latest
Meramecian or early Chesterian) in age.

Range and occurrence-Late Mississippian, North
America and Germany.

Superfamily Entactinacea Riedel 1967

Subsuperfamily Pylentonemilae Cheng 1986; emend.
Schwartzapfel and Holdsworth 1996

Family Pylentonemidae Deflandre 1963; emend. Holdsworth
1977; emend. Holdsworth, Jones, and Allison 1978;
emend. Cheng 1986

Type genus Pylentonema Deflandre 1963; emend.
Holdsworth, Jones and Allison 1978; emend. Cheng
1986; emend. Gourmelon 1987

Pylentonema sp. cf. P. antiqua (P. antiqua, s.1.)

Figures 6:21, 22

Pylentonema antiqua Deflandre, 1963, p. 3981-3984, figs.
1-5; emend. Gourmelon, 1987, p. 284, pl. 1, figs. 1-5

Remarks—No trace of the single inner shell is preserved
in our specimen, and the pores are not as regularly spaced
or uniformly rounded as in the older Ford Lake Shale speci-
mens (Holdsworth and others, 1978). At least one of the
apertural spines is not placed adjacent to the faint, simple
pylome rim; these spines are broken but show no curvature
toward the pylome. None of the spines appears to be twisted
as in the approximately coeval P. eucosmeta Braun (1989a).
There are seven spines, like the S. anchoralis-D. latus Zone
specimen shown in Sandberg and Gutschick (1984, pl. 6,
fig. P). At least one of the non-apertural grooved spines is
shorter than the others, as in M3 of Gourmelon (1987, p.
286). The specimen illustrated in Braun (1990, pl. II, fig.
1), from the S. anchoralis-D. latus Zone of the Frankenwald,
shares many features with the Akmalik specimen. The speci-
men in 93CB-006R2 (fig. 3, section A) represents the first
reported occurrence of Pylentonema in North Slope se-
quences.

Range and occurrence-Late Devonian (pre-latest
Famennian in the Ford Lake Shale, Alaska, possibly Early
Carboniferous, Holdsworth and others, 1978) and Early Car-
boniferous (middle and late Tournaisian; Gourmelon, 1987)
and Woodman Formation (Delle Phosphatic Member;
Sandberg and Gutschick, 1984), Utah. Germany, North
America, Turkey; essentially worldwide.

?Pylentonema
Figure 7:8

Remarks-This poorly preserved morphotype, recovered
8.3 m above the base of section B (93CB-004J, fig. 3) is
questionably assigned to Pylentonema because it possesses
a subspherical cortical shell and collar spines and one lat-
eral spine, but it lacks other lateral spines and a centrally
located apical spine. This form is present with middle
Osagean conodonts assigned to the uppermost Upper G.
typicus Subzone through most of the S. anchoralis-D. latus
Zone.

Family Archocyrtiidae Kozur and Mostler 1981; emend.
Cheng 1986

Type genus: Archocyrtium Deflandre 1972; emend. Won
1983; emend. Cheng 1986

Archocyrtium sp. cf. A. coronasimilae Won

Figure 7:9

Archocyrtium coronasimilae Won, 1983, p. 128-129, pl. 1,
figs. 1-3

Remarks—1t is not possible to determine the number of
pores or the details of the pore frames, but the weak apical
spine, the “waist” above the attachment of the feet, and the
well-developed skirt resemble A. coronasimilae somewhat
more than other described species. Braun and Schmidt-
Effing (1988) illustrated an earliest Viséan (“Pericyclus-
Delta Stufe”) specimen of A. sp. aff. A. babini Gourmelon
that has the less spherical cephalis profile of our specimen.
Photographs in Cheng (1986) of A. wonae Cheng showed a
more robust apical horn and a shallower skirt connecting
the feet. Won (1990) illustrated four specimens of
Archocyrtium from Riescheid, Germany (“not older than the
lower texanus Zone”, p. 111), all of which have deep skirts
but more robust apical spines. The genus is quite variable
according to M.-Z. Won (Pusan National University, oral
commun., 1996).

Range and occurrence-The genus ranges from the
Early Silurian (Cheng, 1986) to the early Meramecian G.
homopunctatus-Upper G. texanus Zone (Sandberg and
Gutschick, 1984); worldwide. Cheng (1986) gave the young-
est end of the range simply as Early Carboniferous.
Gourmelon (1986, p. 194) showed the range of the genus
from late Famennian to Namurian.

Unidentified spumellarians
Figures 6:19, 20; 7:11, 12, 14, 15

Remarks—Spumellarians were recovered from nearly
every sample. However, their internal spicules are not vis-
ible, and preservation is too poor to allow assignment even
to family. The wide variety of sizes and shapes includes dis-
coidal forms and those with cylindrical, grooved, and (or)
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twisted spines, those with one spine far longer than the oth-
ers, bipolar forms, and spherical forms with both polar and
equatorial spines. Only a few examples are shown in the
plates.

Radiolaria incertae sedis
Figure 7:7

Remarks—Holdsworth and others (1978, fig. 2 x, p. 779)
illustrated a conical radiolarian from the Ford Lake Shale,
which they concluded spans the Devonian-Mississippian
boundary. They noted that the form is imperforate and that
it consists of distinct chambers. The conical form from
sample 93CB-004H2 at 6.8 m in section B (fig. 3) is clearly
perforate, and chambers are less clearly separated. We found
conodonts of middle Osagean age above and below this
sample (table 1).

DISCUSSION

The type section (section A; figs. 2, 3) of the Akmalik
Chert appears to record nearly continuous deposition from
early Osagean to at least middle and probably late
Meramecian time. The radiolarian samples contain forms
representative of the A. perforata Zone of Won (1991a) and
species that are characteristic of her A. cartalla Zone (par-
ticularly the cartalla-concentrica Subzone; Won, 1991a, p.
18). The age of the lower part of the section is well con-
strained by conodonts (mostly the middle Osagean S.
anchoralis-D. latus Zone; fig. 4, table 1).

There are no apparent ancestors to the scharfenbergiid
radiolarian group in any of the samples examined from the
Akmalik Creek area or from any other locality in northern
Alaska. Questions regarding their origin and the
paleoecologic or paleogeographic conditions favorable to
this group remain unresolved. The Akmalik faunas do not
confirm the first appearance of scharfenbergiids any more
precisely than do the nearby cherts at Nigu Bluff
(Holdsworth and Murchey, 1988). We can only demonstrate
that scharfenbergiids are present above Akmalik strata con-
taining conodonts of the S. anchoralis-D. latus Zone (fig.
4).

In addition, we found no specimens belonging to the
robust tetrahedral Scharfenbergia tailleurense Holdsworth
and Murchey in the Akmalik Chert. This species is wide-
spread in western North America and Europe and is gener-
ally recognizable even in poorly preserved faunas.
Holdsworth and Murchey (1988) gave the range of this spe-
cies as late Meramecian to Morrowan and possibly younger
(fig. 4). They also showed that S. tailleurense is present in
the Imnaitchiak Chert at Nigu Bluff, where the age range
was given as the upper two-thirds of the Chesterian and the
Morrowan. Scharfenbergia tailleurense is also found in
samples above 28 m at section C (fig. 3).

The absence of identifiable radiolarians at the top of
section A (72.8 m) prevents us from determining its upper
age limit. The presence of A. furcata at 66.9 m suggests at
least a late Meramecian age (fig. 4). The Won (1991a)
cartalla-concentrica Subzone, which can contain A. furcata,
ranges from the upper part of the Pericyclus-delta to the
Goniatites-alpha Zones, which are at least middle
Meramecian to early Chesterian in age. However, Braun
(1993) shows the Osagean-Meramecian boundary between
Pericyclus-Stufe gamma and delta Zones and the
Meramecian-Chesterian boundary between the Goniatites-
Stufe alpha and beta Zones. Schwartzapfel and Holdsworth
(1996, p. 47) indicate that the Albaillella cartalla-Albaillella
furcata Interval Zone begins no lower than the middle
Meramecian; their next youngest interval zone, which also
contains A. furcata, ranges from late Meramecian to early
Chesterian. Holdsworth and Murchey (1988) gave the range
of their A. furcata group simply as Meramecian to
Morrowan; they did not record A. furcata specimens in their
Nigu Bluff samples. The presence of the conodont
Gnathodus texanus (late Osagean through early Chesterian)
near the top of section C with A. cartalla strengthens our
conclusion that this section is at least as young as middle
and probably late Meramecian.

CONCLUSIONS

Our biostratigraphic study of the Akmalik Chert sec-
tions on and near Akmalik Creek adds important data to the
North Slope Carboniferous conodont and radiolarian record.
Our study is also one of the few that document a Mississip-
pian lithostratigraphic section that has both sequential radi-
olarian faunas and independent conodont age control. In con-
trast, some of the work on correlative German Carbonifer-
ous sequences records few samples collected from sections
that are reasonably well dated. Neither the radiolarian nor
conodont data for the Akmalik Creek sections suggest a
Pennsylvanian age for the base of the type section or sug-
gest that the section is inverted. These results resolve the
uncertainty about the 1985 conodont sample reported in Mull
and others (1987) and restricts the age of the section to Mis-
sissippian.

Radiolarians recovered at the type section (section A)
indicate that the Akmalik Chert ranges in age from Early to
Late Mississippian (middle Osagean to probably late
Meramecian). We cannot document a broader range because
the contact with the underlying Kayak Shale is not exposed
and no diagnostic radiolarians were found in the highest
samples at any of the sections studied.

Because little is known about the paleoecology of Pa-
leozoic radiolarians, their associated conodont faunas should
be used as one of the primary indicators of depositional en-
vironments for the rocks in which both are found. There is
an implication that the Akmalik radiolarians could have been
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transported because the conodont faunas indicate postmor-
tem transport of middle shelf to upper slope taxa within or
basinward of the polygnathid-gnathodid biofacies (table 1).
Unless there was further postmortem transport, the con-
odonts in the lower part of the section indicate that the chert
samples collected at Akmalik Creek were deposited no shal-
lower than an upper foreslope setting. Small delicate bar
fragments of “Hindeodella” segaformis s.f., however, are
the only taxonomically identifiable conodonts in many of
these chert samples (table 1). We agree with Chauff (1981)
that the sigmoidal bar fragments identified by most workers
as “H.” segaformis s.f. are posterior bar fragments of vicari-
ous S elements of some Scaliognathus species. Dumoulin
and others (1994, fig. 3C) showed a nearly complete Sa el-
ement of Scaliognathus from the type section of the Kuna
Formation. Chauff (1983, text-fig. 3) assigned scaliognathids
to the most offshore (deeper water) habitats of the lower
Osagean of the North American mid-continent. Subse-
quently, Sandberg and Gutschick (1984) further refined the
habitat of scaliognathids on the basis of their extensive bio-
stratigraphic and lithostratigraphic Osagean studies in the
Rocky Mountains and Great Basin of the western United
States. These authors regarded scaliognathids as “mesope-
lagic nektonic dwellers of the dysphotic and aphotic zones”
(p- 150), and thus those remains would most likely be found
in upper foreslope to basinal deposits adjacent to the lower
foreslope. The presence of tiny fragments of the long, deli-
cate bars of “H.” segaformis in many chert samples collected
from the lower Akmalik Chert may indicate that these were
carried basinward as distal winnows from a middle foreslope
to toe-of-slope setting.
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Sedimentology, Conodonts, Structure, and Regional Correlation
of Silurian and Devonian Metasedimentary Rocks in Denali
National Park, Alaska

By Julie A. Dumoulin, Dwight C. Bradley, and Anita G. Harris

ABSTRACT

A sequence of metasedimentary rocks in Denali Na-
tional Park (Mt. McKinley and Healy quadrangles), previ-
ously mapped by Csejtey and others (1992) as unit DOs (Or-
dovician to Middle Devonian metasedimentary sequence) and
correlated with rocks of the Nixon Fork terrane, contains
both deep- and shallow-water facies that correlate best with
rocks of the Dillinger and Mystic sequences (Farewell ter-
rane), respectively, exposed to the southwest in the McGrath
quadrangle and adjacent areas.

New conodont collections indicate that the deep-water
facies are at least in part of Silurian age, and can be grouped
into three broad subunits. Subunit A is chiefly very fine
grained, thinly interbedded calcareous, siliceous, and
siliciclastic strata formed mostly as hemipelagic deposits.
Subunit B is characterized by abundant calcareous siliciclastic
turbidites and may correlate with the Terra Cotta Mountains
Sandstone in the McGrath quadrangle. Subunit C contains
thin-bedded to massive calcareous turbidites and debris flows,
locally intercalated with calcareous siliciclastic turbidites.
Sedimentary features suggest that subunits B and C accu-
mulated in a fan and (or) slope apron setting. All three sub-
units contain subordinate layers of altered tuff and tuffaceous
sediment. Turbidites were derived chiefly from a quartz-
rich continent or continental fragment and a carbonate plat-
form or shelf, with subordinate input from volcanic and (pos-
sibly) subduction complex (accretionary prism) sources.
Limited paleocurrent data from subunit B turbidites show
generally southward transport. Stratigraphic relations be-
tween the three subunits are uncertain, although we believe
that subunit A is probably the oldest. Shallow-water facies,
at least in part of earliest Late Devonian (early Frasnian)
age, are exposed locally and were deposited in intertidal to
deeper subtidal settings.

Reconnaissance structural studies indicate that the most
significant of two generations of folds have northerly ver-
gence and presumably are the product of Mesozoic plate
convergence.

Deep-water rocks of Silurian age have been recognized
in six Alaskan terranes outside the Farewell terrane. Com-

parison of unit DOs with coeval strata in these terranes re-
veals closest sedimentologic and biostratigraphic similari-
ties with rocks of east-central Alaska (Livengood terrane)
and western Alaska (Seward terrane) and less striking simi-
larities with rocks in southeastern Alaska (Alexander terrane)
and northern Alaska (Hammond subterrane of Arctic Alaska
terrane). Coeval sequences in easternmost Alaska (Porcu-
pine and Tatonduk terranes) correlate least well with DOs
because they lack both Silurian siliciclastic turbidites and
Upper Devonian platform carbonate rocks. Our correlations
permit the interpretation that all Alaskan terranes with Silu-
rian deep-water strata originated along or adjacent to the
North American continental margin, but imply a gradient in
Silurian turbidite distribution along this margin. Volcanic
material preserved in DOs and related rocks may have been
derived from the island arc represented by the Alexander
terrane.

INTRODUCTION

Lower and middle Paleozoic metasedimentary rocks
(unit DOs, Ordovician to Middle Devonian metasedimentary
sequence, of Csejtey and others, 1992) form an east-trend-
ing belt on the north side of the Denali fault in Denali Na-
tional Park (Mt. McKinley and Healy quadrangles; figs. 1,
2). These rocks have been variously correlated (Jones and
others, 1981, 1982, 1983; Mullen and Csejtey, 1986; Csejtey
and others, 1992, 1996) with different parts of the Farewell
terrane (Decker and others, 1994) but have received little
detailed investigation. We report here the results of a recon-
naissance study of the lithofacies, conodont age and biofacies,
and structure of DOs in the Mt. McKinley B-1 and Healy B-
6 quadrangles, and evaluate possible correlations between
DOs and coeval sequences in the Farewell terrane and else-
where in Alaska. Lower Paleozoic strata throughout Alaska
are poorly understood and are considered by many authors
to belong to numerous discrete tectonostratigraphic terranes
(Jones and others, 1981; Silberling and others, 1994). Most
of these terranes are interpreted as displaced pieces of the
continental margin of North America, but some may repre-
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sent fragments of other continental margins (for example,
Siberia) or of island arcs (Nokleberg and others, 1994; Soja,
in press). Detailed comparisons of Paleozoic rocks through-
out Alaska are essential in understanding the ultimate origin
of these terranes.

GEOLOGIC SETTING

The Farewell terrane of Decker and others (1994) in-
corporates three previously defined units: (1) the Nixon Fork
terrane (Patton, 1978); (2) the Dillinger terrane (Jones and
others, 1981) or sequence (Gilbert and Bundtzen, 1984); and
the Mystic terrane (Jones and others, 1981) or sequence (Gil-
bert and Bundtzen, 1984). Different authors have proposed
various definitions and boundaries for these three units and
have disagreed on whether or not they are genetically re-
lated to each other and to the North American craton (com-
pare Decker and others, 1994; Patton and others, 1994;
Silberling and others, 1994). Most workers, however, favor
a North American origin for these units (Decker and others,
1994; Nokleberg and others, 1994).

We follow here most of the conventions and interpreta-
tions outlined by Decker and others (1994). These authors
(p- 288) interpreted the Farewell terrane as a coherent, but
locally highly deformed, continental margin succession made
up of the Middle Cambrian through Middle Devonian White
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Mountain sequence and the overlying Upper Devonian
through Lower Cretaceous Mystic sequence. The contact
between the two sequences is generally an angular
unconformity, but it is locally conformable. The White
Mountain sequence includes both platform and deeper wa-
ter (slope and basinal) facies, called Nixon Fork and Dillinger
terranes (or sequences), respectively, by previous authors.
We agree with Decker and others (1994) that these two as-
semblages probably formed as part of a single continental
margin succession, but we retain the term “Dillinger se-
quence” for convenience.

Rocks of the DOs unit, initially described as part of the
Dillinger terrane by Jones and others (1981), are complexly
folded and faulted and have been subjected to low-grade re-
gional metamorphism; they contain conodonts with color
alteration indices of 5 to 5.5, indicating that the host rocks
reached temperatures of at least 300 to 350°C (Epstein and
others, 1977). Parts of DOs in our study area retain little
original fabric; some carbonate intervals are pervasively re-
crystallized, and some siliciclastic layers are slightly to
strongly semischistose. Other parts of DOs, however, par-
ticularly sections which are thick-bedded and (or) dolomitic,
have well-preserved primary sedimentary textures.

As mapped by Csejtey and others (1992) and Jones and
others (1983), the outcrop belt of DOs is bounded on the
south by the Denali strike-slip fault, beyond which are rocks
unrelated to DOs: the Windy terrane (melange), and a belt of

141°

Ocean

68°

66°

64°

629

60°

Gulf of Alaska W93

300 KILOMETERS

e Mystic

] Dillinger
_ o= Nixon Fork
HEl East Fork

—64

Southeaste s
Alaska

159° 150°

Figure 1.

141°

Location of quadrangles and selected tectonostratigraphic terranes mentioned in text; East Fork is East Fork subterrane of

Minchumina terrane (Patton and others, 1994). Terranes from Silberling and others (1994), modified in the McGrath and Medfra quad-
rangles based on Decker and others (1994). Quadrangles: AR, Ambler River; BR, Black River; CO, Coleen; CY, Charley River; HE, Healy;
LG, Livengood; LH, Lime Hills; KZ, Kotzebue; MD, Medfra; MG, McGrath; MM, Mt. McKinley; SM, Sleetmute; TL, Talkeetna.
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(fig. W-CC) and are virtually identical to some conodonts
from unit DOs (table 1, loc. 14).

Deep-water strata in the McGrath and northern Lime
Hills quadrangles are conformably or unconformably over-
lain (Gilbert and Bundtzen, 1984) by Lower (Emsian) to
Upper Devonian, chiefly shallow-water, carbonate and sub-
ordinate siliciclastic rocks of the Mystic sequence (Bundtzen
and Gilbert, 1983; Blodgett and Gilbert, 1992; Bundtzen and
others, 1994). These rocks include a carbonate platform se-
quence of Frasnian age that crops out both north and south
of the Farewell fault and contains locally abundant foramini-
fers with Siberian biogeographic affinities (Mamet and
Plafker, 1982; Blodgett and Gilbert, 1992).

TALKEETNA QUADRANGLE

The Mystic terrane or sequence consists largely of units
Pzus and DI of Reed and Nelson (1980) in the northwestern
Talkeetna quadrangle (not shown in fig. 12). Pzus is a
“depositionally and structurally complex terrane of chiefly
marine flyschoid sedimentary rocks” (Reed and Nelson, 1980,
p. 7) that includes trench, slope, shelf, and terrestrial assem-
blages. The trench assemblage contains strata that are litho-
logically similar to deep-water parts of the DOs unit, but
available fossil data suggest that they are mostly, perhaps
completely, of Middle to Late Devonian and younger age.
These lithologies include “terrigenous turbidites” (Reed and
Nelson, 1980, p. 7), graywacke, and “wildflysch [that] lo-
cally contains house-sized blocks” of bedded limestone (Reed
and Nelson, 1980, p. 8). No fossils of definitively Silurian
or older age have been obtained from these deep-water rocks,
but numerous collections of Devonian (including probable
Middle and Late Devonian) age are reported by Reed and
Nelson (1980) from limestones in Pzus. These limestones
have chiefly shallow-water faunas; at least some appear to

be blocks that were tectonically and (or) depositionally in-
corporated into coeval or younger deeper-water strata. Other
parts of Pzus are definitely of post-Frasnian age; black shale
and phosphatic chert contains Famennian (late Late Devo-
nian) radiolarians, and some limestone layers are of Late
Mississippian and Middle Pennsylvanian age (Reed and
Nelson, 1980).

The DI unit in the Talkeetna quadrangle provides a bet-
ter match for the DOs unit, but only for the younger, shal-
low-water part of DOs. DI consists of more than 95 m of
intercalated thin-bedded micrite and massive, locally
“reefoid” biostromal beds of colonial rugose corals,
stromatoporoids, and bryozoans; it is interpreted as a series
of small patch reefs and interreef beds (Reed and Nelson,
1980). Some parts of DI may be of Early and (or) Middle
Devonian age (Reed and Nelson, 1980), but much of the unit
appears to be Late Devonian. Seven localities in DI yielded
megafossils of Frasnian or probable Frasnian age; brown to
black shales with thin limestone interbeds near the top of the
DI unit contain conodonts of late Frasnian age (Reed and
Nelson, 1980). Frasnian fossil assemblages in both DOs and
DI contain some of the same genera and species of atrypid
and spiriferid brachiopods (Csejtey and others, 1996).

MEDFRA QUADRANGLE

The Nixon Fork terrane includes abundant lower
Paleozic rocks; it is widely exposed and particularly well-
studied in the Medfra quadrangle (Dutro and Patton, 1982)
but also crops out to the northeast, south, and southwest (fig.
1). In the Medfra quadrangle, a thick Ordovician through
Devonian, largely platform carbonate sequence is punctu-
ated by an incursion of Silurian deeper water facies (fig. 12,
column 4). This facies, named Paradise Fork Formation by
Dutro and Patton (1982), consists of at least 1,000 m of dark-

«Figure 12. Correlation, lithologies, fossil control, and depositional environments of uppermost Ordovician through Devonian rocks in
selected areas of Alaska. See figure 1 for location of columns. Only fossils that most restrict age of collection or unit are listed; fossils
listed alphabetically. Conodont collection of Early Devonian age in column 1 is from a cobble in Upper Cretaceous part of Cantwell
Formation interpreted (Csejtey and others, 1996) as derived from DOs. Asterisk above some fossil symbols in column 2 indicates that these
collections are from strata in northern part of Lime Hills quadrangle that are considered correlative (see for example, Bundtzen and others,
1994) with rocks in Terra Cotta Mountains. Silurian section in Black River quadrangle (not shown here but discussed in text) is identical
to that from Coleen quadrangle shown in column 7; Devonian sections in the two areas are slightly different. Column 10 represents Deceit
Formation, considered part of Nome Group by Till and Dumoulin (1994) and exposed only in the Kotzebue quadrangle; column 11
represents the Nome Group (part) exclusive of the Deceit Formation, exposed in the Kotzebue quadrangle and elsewhere on Seward
Peninsula. Terranes represented as follows (Silberling and others, 1994): columns 1-3, Dillinger (Devonian and older deep-water facies)
and Mystic (Devonian shallow-water facies); column 4, Nixon Fork; column 5, Livengood; column 6, ancestral North America; column 7,
Porcupine; column 8, Alexander; column 9, Hammond subterrane of Arctic Alaska; columns 10 and 11, Seward. Data sources as follows:
column 1, this paper, Csejtey and others (1996); column 2, Mamet and Plafker (1982), Bundtzen and Gilbert (1983), Blodgett and Gilbert
(1992); Bundtzen and others (1994), Churkin and Carter (1996); column 3, Armstrong and others (1977), this paper; column 4, Dutro and
Patton (1982); column 5, Blodgett and others (1988), Weber and others (1994); column 6, Churkin and Brabb (1965); column 7, Churkin
and Brabb (1967); column 8, Churkin and Carter (1970), Savage (1977, 1985, 1992), Eberlein and others (1983), Soja (in press), A.G.
Harris, unpub. data (1979, 1985); column 9, Dumoulin and Harris (1988); columns 10 and 11, Till and others (1986), Ryherd and Paris
(1987), Till and Dumoulin (1994), A.G. Harris, unpub. data. A.G. Harris and Claire Carter revised the age of graptolite and conodont
faunas in some of references listed above.
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gray, thin-bedded, platy, silty limestone and black shale; lime-
stone bodies and lenses as much as 5 m thick are found in
the upper part of the unit. Graptolites from the lower part of
the unit are latest Llandoverian to early Wenlockian; the up-
permost beds are probably no younger than Wenlockian
(Dutro and Patton, 1982). The unit is overlain by Upper
Silurian through Devonian, predominantly shallow-water
carbonate rocks of the Whirlwind Creek Formation; the up-
per part of this unit contains Frasnian (early Late Devonian)
corals (Dutro and Patton, 1982).

Deeper water facies of Paleozoic age also crop out south-
east of the Nixon Fork terrane in the Medfra quadrangle.
These rocks, the East Fork Hills Formation of Dutro and
Patton (1982), make up the East Fork subterrane (Patton and
others, 1994) of the Minchumina terrane (Jones and others,
1981; Silberling and others, 1994) (fig. 1). (Decker and oth-
ers, 1994, include the Minchumina terrane in the White
Mountain sequence of the Farewell terrane.) The East Fork
Hills Formation is poorly exposed and consists chiefly of
thin-bedded limestone and dolostone and subordinate chert
and siliceous siltstone. The formation has been assigned an
Early Ordovician through Middle Devonian age on the basis
of scattered, largely long-ranging conodont collections; de-
finitively Silurian fossils have not been reported (Dutro and
Patton, 1982; Patton and others, 1994).

SUMMARY

Jones and others (1981, 1982, 1983) included the DOs
unit of Csejtey and others (1992) in their Dillinger terrane,
correlating it with deep-water strata exposed in the north-
western Talkeetna and eastern McGrath quadrangles and
adjacent areas to the southwest. Our data support this corre-
lation and also suggest specific correlations between the sub-
units we recognize in DOs and the formations recognized by
Churkin and Carter (1996) and Bundtzen and others (1994)
in the McGrath and northern Lime Hills quadrangles.

Fine-grained, thin-bedded calcareous and siliceous strata
of our subunit A are lithologically most like the Upper Cam-
brian to Lower Ordovician Lyman Hills Formation of
Bundtzen and others (1994) (T.K. Bundtzen, written
commun., 1997). Subunit A also has similarities with some
members of the overlying Ordovician to lower Lower Si-
lurian Post River Formation of Churkin and Carter (1996)
but lacks the abundant graptolites characteristic of that unit.
Graptolites could be present in parts of subunit A that were
not examined during our reconnaissance investigations or
could have been obscured by metamorphism and (or) struc-
tural complexities. Correlation with the Lyman Hills For-
mation and (or) the Post River Formation suggests an age of
early Early Silurian or older for subunit A.

Upper Lower Silurian (Wenlockian or younger)
siliciclastic turbidites of subunit B are similar in age and li-
thology to the Terra Cotta Mountains Sandstone of Churkin

and Carter (1996) in the McGrath quadrangle. Both units
contain carbonate interbeds, calcareous siliciclastic turbid-
ites of mixed provenance, and subordinate volcanogenic com-
ponents. The paleocurrent data we obtained from subunit B
of DOs (flow to the south) differ from those reported by
Churkin and others (1977) and Bundtzen and others (1988)
from turbidites in the Terra Cotta Mountains (flow domi-
nantly to the northeast), but the significance of this differ-
ence is unclear. It could be paleogeographically meaning-
ful, but it could also reflect technical and (or) post-deposi-
tional complications such as small data sets, errors introduced
during retrodeformation, and (or) large-scale structural rota-
tions.

Thin-bedded to massive calcareous turbidites and de-
bris flows of subunit C resemble the Barren Ridge Lime-
stone of Churkin and Carter (1996), particularly as described
by Bundtzen and others (1988, 1994) in the eastern McGrath
and northern Lime Hills quadrangle. The Barren Ridge Lime-
stone is considered Late Silurian (Ludlovian) or younger,
however, whereas subunit C has produced late Early Silurian
(Wenlockian) conodonts. As discussed above, lithologic and
faunal evidence suggests that the conodonts recovered from
subunit C reflect the depositional age of the subunit and were
not reworked from significantly older beds. If so, subunit C
may represent a coarser grained equivalent of the limy inter-
vals recognized in the Terra Cotta Mountains Sandstone,
rather than a correlative of the Barren Ridge Limestone.

The Frasnian part of the Mystic sequence platform car-
bonate rocks that overlie the Dillinger sequence in the
McGrath quadrangle correlates well with the shallower wa-
ter, Frasnian part of DOs.

Csejtey and others (1996) suggested that the DOs unit
could be correlated with at least parts of units Pzus and DI of
Reed and Nelson (1980). However, there is no paleonto-
logical evidence that the Pzus unit contains any deep-water
strata as old as Silurian; indeed, fossil collections reported
by Reed and Nelson (1980) indicate that most, perhaps all of
these rocks are Middle Devonian or younger. The Frasnian
part of Dl is a good lithologic and paleontological match for
the Frasnian part of DOs.

Mullen and Csejtey (1986) and Csejtey and others
(1992) concluded that the DOs unit is a tectonically frag-
mented piece of the Nixon Fork continental margin that in-
cludes most or all of the deep-water segment, and part of the
shallow-water segment, of the Nixon Fork terrane. How-
ever, although the deep-water segment of the Nixon Fork
terrane (the Paradise Fork Formation of Dutro and Patton,
1982) is at least in part coeval with the deep-water part of
the DOs unit, the Paradise Fork is more fine grained than
DOs and lacks siliciclastic turbidites. The Frasnian part of
the Whirlwind Creek Formation (part of the shallow-water
segment of the Nixon Fork terrane) is correlative with the
Frasnian part of DOs. Deep-water strata southeast of the
Nixon Fork terrane in the Medfra quadrangle (the East Fork
Hills Formation of Dutro and Patton, 1982) may correlate,
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at least in part, with DOs, but they are finer grained and lack
a significant siliciclastic component.

EAST-CENTRAL ALASKA

Deep-water Silurian strata crop out in the northwestern
part of the Livengood quadrangle (fig. 1; fig. 12, column 5),
in the Livengood stratigraphic belt (Dover, 1994) or
Livengood terrane (Silberling and others, 1994). The
Livengood belt has been interpreted as part of the North
American continental margin (Selwyn Basin sequence) off-
set by strike-slip faulting along the Tintina fault (Dover,
1994). Other workers (for example, Grantz and others, 1991)
have suggested that strata of the Livengood belt were depos-
ited on Cambrian oceanic crust and may be of non-North
American origin.

The Lost Creek unit (Blodgett and others, 1988) in the
Livengood belt is a chiefly siliciclastic basinal succession
about 50 m thick (R.B. Blodgett, oral commun., 1992) that
includes a 15-m-thick carbonate limestone lens interpreted
by Blodgett and others (1988) as a debris flow derived from
a shallow-marine carbonate platform. The limestone includes
brachiopods, crinoid columnals, ostracodes, trilobites, ru-
gose corals, and possible calcareous algae; the brachiopods
and trilobites indicate a Wenlockian to Ludlovian age
(Blodgett and others, 1988). The Lost Creek unit overlies
the Livengood Dome chert, a chiefly basinal succession that
contains Late Ordovician (Ashgillian) graptolites, and is in
turn overlain by a structurally complex and poorly exposed
succession of Middle and Upper Devonian, chiefly shallow-
marine siliciclastic and calcareous units (Weber and others,
1994). A discontinuous limestone, thought by Weber and
others (1994) to represent a series of biogenic buildups at
the base of their Quail unit, contains conodonts and corals
that restrict its age to the late Frasnian.

The Lost Creek unit is similar in age and lithology to
the deep-water part of DOs but is apparently thinner.
Siliciclastic turbidites in the Lost Creek unit have not been
described in sufficient detail to allow a precise correlation
with those in DOs. The Frasnian limestone in the Quail unit
is broadly correlative with the Frasnian part of DOs, although
DOs may be slightly older.

EASTERN ALASKA AND ADJACENT PARTS OF
CANADA

Basinal facies of Silurian age crop out discontinuously
throughout eastern Alaska and adjacent Canada, particularly
in the Charley River, Black River, and Coleen quadrangles
(fig. 1; fig. 12, columns 6 and 7). In the Charley River quad-
rangle, these rocks are considered part of ancestral North
America by Silberling and others (1994) but have been as-
signed to the Tatonduk terrane by some workers (for example,

Howell and others, 1992). Correlative rocks in the Black
River and Coleen quadrangles are generally called the Por-
cupine terrane (for example, Silberling and others, 1994).
Most workers, even those who believe that rocks in eastern
Alaska represent distinct terranes, infer that these terranes
formed as part of the North American continental margin.

Throughout eastern Alaska and adjacent Canada, Si-
lurian deep-water facies are assigned to the Road River For-
mation (Group in Canada) of Ordovician through Early De-
vonian age and consist chiefly of shale, with local thin beds
of chert, dolostone, and limestone (Churkin and Brabb, 1965).
The Silurian section is as much as 150 m thick in the Char-
ley River quadrangle, but less than 10 m thick in the Black
River and Coleen quadrangles (Churkin and Brabb, 1965,
1967). Upper Devonian rocks consist chiefly of siliciclastic
turbidites of the Nation River Formation in the Charley River
quadrangle (Churkin and Brabb, 1965) and have not been
reported to the north (Black River and Coleen quadrangles).

Silurian deep-water facies in eastern Alaska thus are
finer grained than those of DOs; siliciclastic sandstone tur-
bidites are rare or absent. No rocks lithologically and
biostratigraphically correlative with the Frasnian shallow-
water carbonate part of DOs have been reported from this
area.

Rocks of the Dillinger terrane or sequence in the
McGrath and Lime Hills quadrangles have been correlated
with Paleozoic rocks in the Selwyn Basin (Yukon and North-
west Territories, Canada) by previous workers. Bundtzen
and Gilbert (1983) and Bundtzen and others (1988, 1994),
for example, have correlated the Lyman Hills and Post River
Formations with the Rabbitkettle Formation and Road River
Group, respectively, of the Selwyn Basin. Like eastern
Alaska, the Selwyn Basin lacks siliciclastic sandstone tur-
bidites of Silurian age. However, the Sapper Formation
(Gordey and Anderson, 1993), a sequence of several hun-
dred meters of Silurian and Devonian limestone and silty
limestone that is found in parts of the Selwyn Basin, could
represent a distal equivalent of the proximal fan deposits of
the Terra Cotta Mountains Sandstone (T.K. Bundtzen, writ-
ten commun., 1997). Platform carbonate rocks of Frasnian
age have not been reported from the Selwyn Basin or adja-
cent shelf successions; as in eastern Alaska, upper Devonian
rocks in the Yukon are chiefly siliciclastic turbidites (Gordey
and Anderson, 1993).

SOUTHEASTERN ALASKA

Silurian deep-water strata are an important part of the
Alexander terrane (Silberling and others, 1994) in southeast-
ern Alaska (fig. 1; fig. 12, column 8). The Alexander terrane
is generally interpreted as a displaced fragment of an early
through middle Paleozoic island arc, but the original posi-
tion of this arc is controversial. Recent work suggests a po-
sition close to northern North America (Bazard and others,
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1995).

The Silurian section in the Alexander terrane is sum-
marized by Soja (in press). In the southern part of the ter-
rane, the section begins with the deep-marine Descon For-
mation, about 3,000 m of Middle Ordovician through Lower
Silurian volcanic rocks (including flows, breccias, tuffs, and
agglomerates), graywackes, quartzofeldspathic arenites,
mudstones, cherts, shales, and minor limestones. Upper
Llandoverian carbonate turbidites and Ludlovian-Pridolian(?)
turbidites and calcareous debris flows are found at the base
and near the top of the overlying unit, the Heceta Formation,
which is more than 3,000 m thick; shallow-water carbonate
platform strata, however, make up most of the Heceta. The
Heceta is overlain by the Karheen Formation, 1,800 m of
Upper Silurian and (or) Lower Devonian terrigenous red beds
and shallow-marine deposits. Deep-water strata may be
somewhat younger in the northern part of the Alexander ter-
rane; the Bay of Pillars Formation (middle Llandoverian-
early Ludlovian) and Point Augusta Formation (Upper? Si-
lurian), both interpreted as deep-marine deposits, contain
abundant graywackes, subordinate limestones, and volcanic
rocks. Volcanic lithic fragments are the most abundant clasts
in samples point-counted from the Bay of Pillars and Point
Augusta Formations (Karl and Giffen, 1992).

Devonian strata in the Alexander terrane consist pri-
marily of shallow-marine carbonate rocks, siliciclastic strata,
and (in the Middle and Upper Devonian) subordinate mafic-
intermediate volcanic rocks (Gehrels and Berg, 1994).
Megafossils and conodonts of Frasnian and Famennian age
have been identified from the Wadleigh Limestone (Eberlein
and others, 1983; Savage, 1992; A.G. Harris, unpub. data, 1985).

Deep-water Silurian strata in southeast Alaska have
some similarities with the Silurian part of DOs. In particu-
lar, both sequences contain calcareous and siliciclastic tur-
bidites as well as calcareous debris flows. However, Siluri-
an turbidites in the Alexander terrane, particularly in the
southern part of the terrane, are partly older (pre-Wenlockian)
than those in DOs, which are at least in part Wenlockian and
younger. Turbidites in the northern part of the Alexander
terrane may correlate better with those in DOs, but age con-
trol in these northern units is poor (Karl and Giffen, 1992).
Composition distinguishes all Silurian deep-water deposits
in the Alexander terrane from Silurian strata in DOs, how-
ever. Throughout southeastern Alaska, volcanic rocks are a
much larger part of the Silurian deep-water section, and vol-
canic lithic clasts are a correspondingly larger component of
Silurian turbidites. The upper Frasnian and lowermost
Famennian parts of the upper Wadleigh Limestone appear to
be younger than the Frasnian part of DOs.

NORTHERN ALASKA

Deep-water Silurian metasedimentary rocks are exposed
in the northeast Ambler River quadrangle in the western

Brooks Range (fig. 1; fig. 12, column 9). These unnamed
rocks are part of the Hammond subterrane of the Arctic
Alaska terrane (Silberling and others, 1994). The Hammond
subterrane has been interpreted as a composite of fragments
displaced from the North American(?) and (or) Siberian(?)
continental margins (Nokleberg and others, 1994).

Deep-water Silurian strata in the northeast Ambler River
quadrangle consist of at least 200 m of intercalated fine- to
coarse-grained siliciclastic and calcareous turbidites and
contain late Early to Late Silurian (Wenlockian to Ludlovian)
conodonts (Dumoulin and Harris, 1988) that are virtually
identical to some conodonts in unit DOs (table 1, loc. 14).
The turbidites overlie metacarbonate rocks of unknown age
and underlie quartz metaconglomerate of Mississippian(?)
age; the latter contact has been interpreted as an unconformity
(Mayfield and Tailleur, 1978) but may be a fault. Siliciclastic
turbidites in this unit consist chiefly of calcareous grains (as
much as 30%), quartz (as much as 30%), and sedimentary
lithic grains (5-10%), as well as lesser amounts of feldspar,
volcanic lithic clasts, and chert (locally containing radiolar-
ians). Dolomitic limestone turbidites form 10 to 20 percent
of this unit and increase in abundance upward. Some beds
contain clasts as large as 10 ¢cm; many beds contain fossil
fragments, including corals, gastropods, bryozoans, brachio-
pods, conularids, and orthocone cephalopods. This unit has
been recognized in a small area near Kavachurak Creek, but
lithologically similar strata that are at least in part
stratigraphically correlative have been recognized through-
out the Ambler River quadrangle (Dumoulin and Harris,
1988).

Deep-water Silurian strata in the Ambler River quad-
rangle are similar in age and lithology to the deep-water part
of DOs. But Frasnian shallow-water carbonate rocks that
could provide a match for the younger part of DOs have not
been reported from this area.

WESTERN ALASKA

Lower Paleozoic rocks lithologically and stratigraphically
correlative with DOs are found on the northern and south-
eastern Seward Peninsula (fig. 1); all are part of the Seward
terrane (Silberling and others, 1994) and are included in the
Nome Group by Till and Dumoulin (1994) (map units DObm,
D<€ks, and D€bm of Till and others, 1986)°. These rocks
retain locally well-preserved sedimentary features but have
been metamorphosed to blueschist, greenschist, and locally
amphibolite facies. The Seward terrane has been interpreted
as a metamorphosed and deformed fragment displaced from
the North American continental margin (Nokleberg and oth-
ers, 1994).

3DObm, Ordovician through Devonian black metalimestone and
marble; D€ks, Cambrian through Devonian calcschist; D€bm, Cambrian
through Devonian black marble.
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In the north (southern part of the Kotzebue quadrangle;
fig. 1; fig. 12, column 10), a fault-bounded interval about
300 m thick has been called the Deceit Formation and di-
vided into three members by Ryherd and Paris (1987). These
strata are less ductilely deformed than, but are thermally
equivalent to, surrounding parts of unit DObm (J.A.
Dumoulin and A.G. Harris, unpub. data, 1995) and are in-
cluded in the Nome Group by Till and Dumoulin (1994).
The lowest member is chiefly pelagic and hemipelagic
deposits and contains graptolites of Middle and Late Or-
dovician age (Ryherd and others, 1995); the upper mem-
bers consist of carbonate turbidites and debris flows de-
posited as a prograding base-of-slope apron (Ryherd and
Paris, 1987). The middle member contains conodonts of
Wenlockian and early to middle Ludlovian age (A.G.
Harris, unpub. data, 1987); the upper member has not been
dated but is considered of probable Late Silurian (and
younger?) age (Ryherd and Paris, 1987). The coarsest
beds in this formation are breccias at least 15 to 20 m
thick that contain clasts as much as 5 m in diameter
(Dumoulin and Till, 1985). Turbidites and debris flows
in the Deceit Formation contain little siliciclastic mate-
rial, but calcareous turbidites in adjacent and correlative
strata of the DObm and D<ks units (Till and others, 1986)
contain locally abundant quartz, albite, chlorite, white mica,
and graphite.

The Nome Group on the southeastern Seward Penin-
sula (unit D€bm of Till and others, 1986) includes
metamophosed, pure and impure turbidites similar to those
described above, although coarse-grained carbonate debris
flows are rare or absent in these rocks (fig. 12, column 11).
Conodonts of late Early to Late Silurian (Wenlockian to
Ludlovian) and middle Early Devonian (Pragian) age were
obtained from this unit.

Across Seward Peninsula, Devonian shallow-water
metacarbonate rocks of the Nome Group (map unit Ddm of
Till and others, 1986)* appear to have been unconformably
deposited on older, deeper water Nome Group rocks (Till
and Dumoulin, 1994). These shallow-water strata contain
conodonts and (or) megafossils of late Early (Emsian),
Middle, and early Late Devonian (Frasnian) age (Till and
others, 1986).

DISCUSSION

As noted above, the DOs unit in the Denali area corre-
lates well with parts of the Farewell terrane exposed in cen-
tral Alaska. But sedimentologic and biostratigraphic simi-
larities also exist between DOs and rocks elsewhere in Alaska
that have been included by previous workers in six other
tectonostratigraphic terranes. A full discussion of the paleo-

“Ddm, Devonian dolostone, metalimestone, and marble.

geographic and tectonic histories of Alaskan terranes is be-
yond the scope of this paper, but our comparisons of Si-
lurian deep-water strata throughout the state provide several
useful constraints for terrane analysis. Of particular interest
are the distribution patterns of calcareous siliciclastic tur-
bidites of Silurian (Wenlockian to Ludlovian) age and the
presence of a volcanic component in (and intercalated with)
these turbidites.

Lower Paleozoic rocks in the Farewell terrane have pre-
viously been correlated with coeval strata in the Selwyn Ba-
sin of western Canada (Bundtzen and Gilbert, 1983;
Bundtzen and others, 1988, 1994), as have rocks of the
Livengood, Porcupine, and Tatonduk terranes (Dover, 1994).
These correlations imply that all of these sequences formed
in relative proximity to each other along the North American
continental margin. Our analyses suggest that if this inter-
pretation is valid, these terranes record a gradient in Silurian
turbidite deposition. Accumulations of calcareous siliciclastic
sandstone are thickest (>500 m) in the Farewell terrane (Terra
Cotta Mountains Sandstone), notably thinner (50 m) in the
Livengood terrane (Lost Creek unit), and apparently absent
in the Porcupine and Tatonduk terranes (Road River Forma-
tion).

Thick (200-300 m) turbidite successions of Silurian age
are also found in terranes of possible North American affin-
ity in northern and western Alaska. The similarity in age
and composition of turbidite successions in the Hammond
subterrane (unnamed rocks in the Ambler River quadrangle)
and in the Seward terrane (parts of the Nome Group) to those
of the Farewell terrane (Terra Cotta Mountains Sandstone)
suggest that all three successions were derived from a com-
mon source and were deposited along the same continental
margin. Thus, if a North American origin is accepted for the
Farewell terrane, Silurian stratigraphic correlations support
a North American origin for both the Seward terrane and the
Hammond subterrane as well, and imply Silurian proximity
between all three terranes.

A third implication of our stratigraphic comparisons is
that volcanic material preserved in the DOs unit, the Terra
Cotta Mountains Sandstone, and other Silurian turbidite se-
quences could have been derived from the island arc repre-
sented by the Alexander terrane. Volcanic rocks of Silurian
age are recognized in the Alexander terrane (Churkin and
Carter, 1970; Eberlein and others, 1983; Gehrels and Berg,
1994) but have not been reported from elsewhere in Alaska
or adjacent parts of Canada. A position close to northern
North America during Silurian and Early Devonian time has
been proposed for the Alexander terrane based on paleomag-
netic, detrital zircon, and paleontologic observations (Bazard
and others, 1995). Faunal similarities suggest close paleo-
geographic ties between the Farewell and Alexander terranes
during the Silurian (Bazard and others, 1995; Soja, in press).
Careful analyses of the precise age and composition of vol-
canic components in these terranes could strengthen this in-
terpretation.
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CONCLUSIONS

The DOs unit in the Denali National Park area is a
chiefly deep-water sequence, at least in part of Silurian age,
of calcareous and siliciclastic turbidites, calcareous debris
flows, and calcareous and siliceous hemipelagic deposits.
The unit also contains shallow-water facies that are at least
in part of Late Devonian (early Frasnian) age. DOs corre-
lates best with rocks of the Dillinger sequence and the lower
part of the Mystic sequence (Farewell terrane) exposed to
the southwest in the eastern McGrath quadrangle. Intri-
guing sedimentologic and biostratigraphic similarities also
exist with rocks of east-central Alaska (Livengood terrane)
and western Alaska (Seward terrane). Less compelling cor-
relations can be made between rocks in southeastern Alaska
(Alexander terrane) and northern Alaska (Hammond
subterrane of Arctic Alaska terrane). Rocks in easternmost
Alaska (Porcupine and Tatonduk terranes) correlate least well
because they lack the thick interval of calcareous siliciclastic
turbidites that is characteristic of DOs.

Depositional patterns and composition of Silurian tur-
bidites in terranes throughout Alaska provide constraints on
the ultimate origin of these terranes. Previous studies have
suggested that all Alaskan terranes which include Silurian
deep-water strata could have originated along or adjacent to
the North American continental margin. Our correlations
yield some support for this interpretation but imply an un-
even distribution of Silurian turbidites along this margin. The
Alexander terrane contains the only volcanic rocks of Si-
lurian age reported from Alaska or western Canada and could
have provided a source for the volcanic material in DOs and
related rocks.
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Magnetic properties and paleomagnetism of the
LaPerouse and Astrolabe Gabbro intrusions,
Fairweather Range, Southeastern Alaska

By Sherman Gromme

ABSTRACT

The La Perouse and Astrolabe layered gabbro bodies
were intruded in Oligocene time into late Mesozoic rocks of
the Chugach allochthonous tectonostratigraphic terrane in
southeastern Alaska. The Astrolabe gabbro has magnetic in-
tensities comparable in magnitude to other gabbros, but the
La Perouse gabbro is only one-tenth as magnetic and pro-
duces little or no aeromagnetic anomaly. Natural remanent
magnetization in both gabbros is stable and is carried by low-
titanium titanomagnetite. Orientation of magnetic fabric rep-
resented by anisotropy of magnetic susceptibility is generally
controlled by primary mineral layering. Paleomagnetic di-
rections measured in the two gabbro bodies are similar and
uniform regardless of attitudes of mineral layering, which
has structural dips as steep as 70°. Performing structural
corrections based either on the mineral layering or on the
magnetic fabric produced marked increases in angular dis-
persion of paleomagnetic directions. The average paleomag-
netic direction is markedly discordant to what would be
predicted by coeval data from the North American craton
but is similar to that reported earlier for Paleocene sheeted
dikes and pillow basalts of the Resurrection Peninsula in the
Chugach terrane 700 km to the northwest. Both of these
paleomagnetic results seem to imply similar counterclock-
wise rotations and northward translations of their respective
parts of the Chugach terrane in Tertiary time. Although the
Resurrection Peninsula data are derived from rocks that carry
evidence of paleo-horizontal position, little or no such evi-
dence exists for the Astrolabe and La Perouse gabbros. Cor-
recting the paleomagnetic direction for a presumed 9° tilt of
the gabbro bodies derived from the transverse regional meta-
morphic gradient of the enclosing rocks and associated with
late Tertiary uplift of the Fairweather Range produces near
coincidence with the results from the Resurrection Penin-
sula. Increasing the amount of the tilt correction to 37° brings
the paleomagnetic direction for the gabbro bodies into close
concordance with the North American craton reference, but
such a correction is based only on the paleomagnetic data

and has a large 95-percent confidence estimated as £20°. This
post-Oligocene displacement of part of the Chugach terrane
is significantly younger than that previously interpreted from
the Resurrection Peninsula paleomagnetic data but can be
considered as a consequence of differential uplift subsequent
to accretion.

INTRODUCTION

The Crillon-La Perouse and Astrolabe-De Langle gab-
bro intrusions are two of a chain of eight gabbro bodies dis-
tributed along the southern Fairweather Range and Yakobi
and Chichagof Islands in southeastern Alaska (fig. 1). These
igneous rocks were intruded into late Mesozoic metavolcanic,
metasedimentary and sedimentary rocks assigned to the
Chugach tectonostratigraphic terrane by Plafker and
Campbell (1979). The Chugach terrane is one of a series of
allochthonous terranes that border the Gulf of Alaska and is
interpreted as former oceanic crust (Plafker and others, 1977).
On mainland Alaska at the latitude of the gabbro bodies de-
scribed here, the Chugach terrane is from 25 to 60 km wide
and, as originally defined, extends from the Pacific coast
northeastward to the Tarr Inlet suture zone (Brew and Morrell,
1978; Plafker and Campbell, 1979). The inboard tectonic
boundary of the Chugach terrane in most areas is the Border
Ranges fault. In the area of figure I, the northeast boundary
of the Tarr Inlet suture zone is now considered to coincide
with the Border Ranges fault, so that the suture zone is part
of the Chugach terrane (Decker and Plafker, 1982).

The Crillon-La Perouse and Astrolabe-De Langle gab-
bro intrusions were first mapped, named, and described by
Rossman (1963). The larger of the two, the Crillon-La
Perouse gabbro, was further investigated by Loney and
Himmelberg (1983). Following the usage of Gromme and
Hillhouse (1981) and Loney and Himmelberg (1983), the
two intrusions will be referred to herein as the La Perouse
and Astrolabe gabbros. Other gabbro bodies in this chain
have been described by Plafker and MacKevett (1960) and
Loney and others (1975).
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Figure 1. Index map of part of southeast Alaska, modified from Loney and Himmelberg (1983), showing geologic
setting of gabbroic intrusions. Paleomagnetic sampling sites indicated by A0l to A52 (Astrolabe gabbro) and L62 to L93
(LaPerouse gabbro). Tectonostratigraphic terrane boundaries shown by heavy lines; solid where mapped, dashed where
inferred, dotted where covered. Fairweather fault from Plafker and Campbell (1979). Peril Strait fault from Loney and
others (1975). Tarr Inlet suture zone boundaries north of Cross Sound from Brew and others (1978b) and Brew and Morrell
(1978, 1979). Tarr Inlet suture zone boundaries south of Cross Sound, Border Ranges fault, and combined extent of
Wrangellia and Alexander terranes from Decker and Plafker (1982) and Karl and others (1982). Inset from Plafker and
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MAGNETIC PROPERTIES AND PALEOMAGNETISM OF THE LAPEROUSE AND ASTROLABE INTRUSIONS 101

Some of the magnetic properties obtained during this
study have been published by Brew and others (1978a). The
most important aspect of the scalar magnetic properties is
that the La Perouse gabbro is only weakly magnetic, about
one-tenth as magnetic as the Astrolabe gabbro which is more
typical of gabbroic rocks in this respect. A brief account of
the paleomagnetic results (Gromme and Hillhouse 1981)
showed that the paleomagnetic direction in the two gabbros
was markedly discordant to the direction that would be pre-
dicted from coeval paleomagnetic data from the North Ameri-
can craton but was nearly coincident with the paleomagnetic
directions obtained from the ophiolitic rocks of the Resur-
rection Peninsula in the Chugach terrane 700 km to the north-
west. The purpose of this report is to provide a full description
of the magnetic properties of the gabbro bodies, making use
of recently developed methods for measuring and analyzing
magnetic fabric, and to reevaluate the tectonic significance
of the paleomagnetic directions.

The following description is taken from Rossman
(1963) and Loney and Himmelberg (1983), supplemented
by the author’s observations in 1976. Both the Astrolabe
and La Perouse gabbro bodies are layered. The layering is
prominent in nearly all outcrops, and individual layers are
commonly isomodal or modally graded, less commonly size
graded. The modal layering (also termed phase layering) is
defined by relative proportions of cumulus plagioclase and
pyroxene, and the contacts between layers may be either
abrupt or gradational over several millimeters. Thicknesses
of individual layers range from less than 1 cm to 15 m but
are generally 5 cm to 1.5 m. On outcrop scale the layering in
both gabbro bodies is markedly planar and undisturbed.
Moreover, there is no microscopic evidence of post-crystal-
lization deformation in the gabbros. Rossman (1963) states
that on the southern end of the La Perouse gabbro some indi-
vidual layers can be traced for a distance of 1.5 km, but Loney
and Himimelberg (1983) state that the lateral continuity of
layers is no greater than that and commonly much less. In
the Astrolabe gabbro the layering tends to be more lenticu-
lar, and dips range from 5° to 45° but are commonly be-
tween 10° and 20°. In the La Perouse gabbro, the layers dip
steeply (as much as 70°) inward from the northeast and south-
west margins, defining a synclinal structure approximately
parallel to the long axis of the intrusion. This synclinal struc-
ture has a shallow plunge of about 10° to the southeast but is
terminated at the southeast end by northwest-dipping (60° to
80°) layering in the gabbro (Loney and Himmelberg, 1983).
The exposed stratigraphic thickness of the La Perouse gab-
bro is about 10 km, and in the Astrolabe gabbro the exposed
thickness is about 600 m (Rossman, 1963). The strike of
layering in the La Perouse gabbro is broadly concordant to
the contact with country rock, but the contact relations are
complicated by a subvertical fault surrounding the gabbro.
In some places this fault lies a few hundred meters outside
the igneous contact, but along the northeast margin of the
gabbro the fault has evidently cut off at least 4,000 m of

stratigraphic section of the gabbro. The remarkable trans-
verse structural symmetry of the layering in the La Perouse
gabbro is well illustrated in cross sections (Rossman, 1963;
Loney and Himmelberg, 1983).

Radiometric age determinations of the La Perouse gab-
bro have been made difficult because of the presence of ex-
cess radiogenic argon (Himmelberg and Loney, 1981). K-Ar
ages ranging from 19 to 44 Ma were determined for country
rock and the metamorphic aureole at the southwest margin
of the La Perouse gabbro (Hudson and Plafker, 1981). A
subsequent determination by the ““Ar/*®Ar incremental heat-
ing method of 28+8 Ma was reported by Loney and
Himmelberg (1983); the dated mineral was plagioclase (R.A.
Loney, U.S. Geological Survey, oral commun., 1997). The
most recent age determination for the La Perouse gabbro is
29.54%0.13 Ma using the “Ar/*Ar incremental heating
method with biotite separated from a hornblende-biotite-mus-
covite pegmatite that intrudes the northeast flank of the gab-
bro. This plateau age was determined from eight contiguous
heating steps representing 81.9 percent of the total argon gas
released. The total gas age is 28.9910.12 Ma (C.D. Taylor,
R.J. Goldfarb, and L.W. Snee, U.S. Geological Survey, writ-
ten commun., 1997). No age determinations have been made
for the Astrolabe gabbro, but because the paleomagnetic di-
rections in the two gabbros are concordant (Gromme and
Hillhouse, 1981), for the purpose of this report the two bod-
ies are assumed to be nearly coeval. Bradley and others
(1993) have compiled radiometric ages of plutons that in-
trude the Chugach terrane for a distance along its trend of
almost 2,200 km. Most of these plutons have ages ranging
from 66 Ma in the west to 37 Ma in the southeast, and they
are assigned to the Sanak-Baranof belt as originally defined
by Hudson and others (1977). A group of younger granitic
plutons in the southeastern Chugach terrane was also defined
by Bradley and others (1993); these range in age from 18 to
33 Ma and extend from southeastern Chichagof Island ap-
proximately 500 km northwest to near the head of Yakutat
Bay, but they are lacking along a 300-km gap between the
latitude of Mt. Fairweather (fig. 1) southeast to Baranof Is-
land. The gabbro bodies in the Fairweather Range may oc-
cupy the missing part of this younger plutonic trend, but only
one of the four gabbros has been dated, and no genetic con-
nection is implied here.

The gabbronorite bodies on Yakobi and western
Chichagof islands (fig. 1) are enclosed by tonalite plutons;
the emplacement age of the tonalite bodies is between about
40 and 43 Ma, and the gabbronorite is considered to be older
(Himmelberg and others, 1987). Because of age differences
and contrasting petrologic characteristics, Himmelberg and
others (1987) emphasize that the Yakobi Island and Chichagof
Island gabbronorites have no genetic connection to the tholei-
itic gabbros in the Fairweather Range to the northwest.

At the latitude of the Astrolabe and La Perouse gab-
bros, two plutons intruding the eastern part of the Chugach
terrane have been dated by the K-Ar method and are part of
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Table 1. Locations of gabbro samples from the
Fairweather Range

1:63,360-scale sheet
in Mt. Fairweather

Site Latitude Longitude  quadrangle
A01 58" 54.17  136° 54.05' B-3
Al2 58°18.90"  136° 52.15' B-3
A23 5872095 136" 54.45° B-3
A32 58°2392"  136° 55.9% B-3
A42 58°23.85"  136° 54.65° B-3
A52 58°21.58"  136° 52.35 B-3
L62 58°35.57 137° 11.3% C-4
L72 58°29.57 137" 03.05 B-4
182 58° 3457 136" 58.8%' C-3
L93 58°33.78" 136" 59.68' C-3

the Sanak-Baranof belt. Both are designated as unfoliated
granitic rocks by MacKevett and others (1971). One is ex-
posed as a large nunatak 7 km northeast of site L82 (fig. 1)
and has an age of 39.4%1.2 Ma using muscovite; the other is
12 km east-northeast of site A12 (fig. 1) and has an age of
38.21t1.1 Ma using biotite ( D.A. Brew, cited in Bradley and
others, 1993). At this latitude there is no evidence for any
igneous activity in the Chugach terrane that is younger than
the 29-Ma age of the La Perouse gabbro.

FIELD AND LABORATORY METHODS

Field work was done by the author in the summer of
1976, assisted by Joseph C. Liddicoat. Because the La
Perouse gabbro is mostly covered by glaciers and snowfields,
and because bad weather restricted helicopter access, most
paleomagnetic sampling was done along shoreline exposures
of the Astrolabe gabbro. Sampling was done with a portable
gasoline-powered diamond drill, and the cores were oriented
with a magnetic compass. Compass readings were corrected
for local magnetic anomalies by backsighting either to dis-
tant landmarks or to a second compass mounted on a tripod
several meters away from the sampled outcrop. Corrections
were usually zero and never exceeded 3°. Locations of the
sampling sites are shown in figure 1 and are listed in tablg 1.

Remanent magnetizations were measured in the labo-
ratory with spinner magnetometers or with a commercial
superconducting magnetometer. Alternating-field (AF) de-
magnetization was done mostly with a four-axis tumblerin a
60-Hz field using the double demagnetization method of

Hillhouse (1977) and also with a commercial 400-Hz uniaxial
demagnetizer. Bulk susceptibilities were first measured with
a commercial bridge in a field of approximately 0.05 mT at
1 kHz. The magnetic fabric represented by anisotropy of
magnetic susceptibility (AMS) was measured with a com-
mercial inductance meter in a 0.1-mT field at 800 Hz, this
instrument also provides bulk susceptibilities. Thermal de-
magnetization was done in vacuum in a residual magnetic
field less than 300 nT. Curie temperatures were determined
in vacuum with a continuously recording thermomagnetic
balance.

Pilot AF demagnetizations to 100-mT peak field
strength were done for several specimens from each site.
These results were used to determine the optimum demag-
netization for the remaining specimens from a site in order
to obtain the best estimate of the primary remanent magneti-
zation direction. These experiments were supplemented by
a limited number of thermal demagnetizations. Results of
the two kinds of demagnetization were analyzed and aver-
aged separately except in one instance where both methods
isolated both normal and reversed polarities within the same
site. The remanent magnetization directions were analyzed
with Fisher (1953) statistics. The magnetic fabric measure-
ments were analyzed for each site with the tensor-averaging
method (Jelinek, 1978; Lienert, 1991). Representative pol-
ished thin sections from each sampling site in both gabbro
bodies were examined in transmitted and reflected light at
magnifications from 52 times to 1,050 times.

MAGNETIC PROPERTIES

The scalar magnetic properties of both gabbro bodies
are summarized in table 2. As many single specimens as
could be obtained from the oriented cores were used for the
susceptibility measurements. As mentioned above, the sus-
ceptibilities of samples of La Perouse gabbro are consistently
an order of magnitude less than for the Astrolabe gabbro.
This difference is reflected in the amplitudes of aeromag-
netic anomalies observed over the two gabbros (Brew and
others, 1978a); there is no aeromagnetic expression of the
southern half of the La Perouse gabbro and little expression
of its northern half, whereas over the Astrolabe gabbro the
amplitude of the anomaly remaining after subtraction of to-
pographic enhancement is 200 nT. According to Rossman
(1963), the La Perouse gabbro contains as much as 25 weight
percent of ilmenite, with 0.2 percent being a representative
overall value; Rossman reported no magnetite in these rocks.
The Astrolabe gabbro contains roughly subequal amounts of
ilmenite and magnetite (or titanomagnetite), and the total ox-
ide content ranges from 3 to 22 percent by weight (Rossman,
1963).

Saturation isothermal remanent magnetizations were
produced at room temperature in a selected group of speci-
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mens, using a direct magnetic field of 0.8 T. These satura-
tion IRM values are plotted with the corresponding suscep-
tibility values on a bilogarithmic scale in figure 2. This figure
emphasizes the wide range of magnetic properties in these
two gabbros and shows that the retention of IRM is roughly
proportional to the weak-field reversible susceptibility over
most of the range. The departure from proportionality at
low IRM values is probably due to the fact that the paramag-
netic susceptibility of the pyroxene and of the antiferromag-
netic ilmenite (and possibly hexagonal pyrrhotite as discussed
below) in the rocks provides a minimum value when no fer-
rimagnetic oxide is present.

As a possible supplement to the measurements of atti-
tude of layering in the gabbro bodies, the AMS, or magnetic
fabric, was measured in the same specimens as the bulk sus-
ceptibilities. Even though the La Perouse gabbro is only
weakly magnetic, both it and the Astrolabe gabbro possess
easily measurable magnetic fabrics. The maximum fabric
ratios range from 1.022 to 1.133 (table 2). These results will
be discussed more fully below.

A magnetic hysteresis parameter that provides a par-
tial estimate of the average magnetic domain configuration
in the oxide grains contained in a rock specimen is the ratio
of saturation IRM to the saturation magnetization determined
from the slope of the high-field part of the hysteresis loop
(Day and others, 1977). Values approaching 0.5 indicate pre-
dominance of single-domain (SD) configurations, while val-
ues lower than 0.05 indicate presence of multiple domains
(MD) in each magnetic grain. The values of this ratio (SIRM/
Js) in table 2 indicate that the magnetic oxide grains in the
Astrolabe gabbro are mostly pseudo-single domain (PSD),
but in the much less magnetic La Perouse gabbro the mag-
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Figure 2. Scalar magnetic properties of gabbroic rocks. IRM,
isothermal remanent magnetization produced by 800 mT field. Site
designations as in figure 1.

netic oxide grains tend to be SD and therefore must be sig-
nificantly smaller in diameter, concomitant with the much
lower volume proportion. Petrographic examination of pol-
ished thin sections in reflected and transmitted light shows
that in the Astrolabe gabbro the observable titanomagnetite
grains are as large as 3,000 im and as smail as 5 um. The
larger titanomagnetite grains may be either optically homo-
geneous at magifications up to 1,050 times or may be subdi-
vided by thin discontinuous lamellae along octahedral planes
of the host. These lamellae are typically 0.5 to 1 um wide by
20 to 40 pm long and, where they are thick enough to be
identifiable, appear to be ilmenite.

A commonly used measure of stability of natural re-
manent magnetization (NRM) is the median destructive field
(MDF), defined as the peak alternating field strength required
to reduce the NRM to half its initial value. The ranges of
MDF values for selected specimens from each site are listed
in table 2. Both gabbro bodies are unusually stably magne-
tized; the maximum alternating field attainable is inadequate
to reduce the NRM by one-half in some specimens from four
of the sites in the Astrolabe gabbro. The La Perouse gabbro
is somewhat less stably magnetized. With the exception of
site L82, the MDF values were determined for specimens
carrying little or no secondary magnetization. (The unique
difficulty encountered with site L82 is discussed below.) The
fact that the NRM in the Astrolabe gabbro is more stable
against AF demagnetization than that in the La Perouse gab-
bro seems contradictory to the lower values of SIRM/Jg for
the Astrolabe gabbro. A possible explanation is that in the
Astrolabe gabbro the stable NRM (which is presumably natu-
ral thermoremanent magnetization) is carried by a subpopu-
lation of oxide grains that are significantly smaller in effective
grain size than the entire population of grains represented by
the SIRM data and by the results of the other laboratory ex-
periments that measure bulk magnetic properties.

Because secondary magnetization was found in many
specimens at all the sites, the intensities of NRM before de-
magnetization have little intrinsic significance and are not
given in table 2.

THERMOMAGNETIC RESULTS

Representative strong-field thermomagnetic curves are
shown in figure 3. The presence of pyrrhotite is clearly evi-
dent in the curves for sites AO1 and L82. On the heating
curves, the increases in magnetization at 150°C and 210°C
for sites AO1 and L82 represent the transition from antiferro-
magnetic to ferrimagnetic hexagonal pyrrhotite with com-
position Fe;S,, (Schwartz and Vaughn, 1972). The
magnetization of the ferrimagnetic sulfide disappears at its
Curie temperature, around 320 to 340°C for site AO1 and
310°C for site L82; the latter value would be expected if no
monoclinic pyrrhotite (Fe,Sg) were also present (Schwartz,
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La Perouse gabbros.

[N, number of specimens used for susceptibility measurements. K, bulk susceptibility. s.d., standard deviatin. Kyax/Kwmn, tensor averageratio of maximum and
inimum directional susceptibilities. SIRM/Js, ratio of saturation remanent magnetization and saturation magnetization. MDF, median destructive alternating
field for stable component of natural remanent magnetization. Ts, temperature of maximum negativeslope of thermal demagnetization of NRM. T, Curie

temperature obtained from strong-field thermomagnetic curves.

- -, not determined]

Site N K +s.d. (SI) Ko/ Ko SIRM/J MDF (mT) T, CC) T, (CO)

A0l 28 0.022 +0.018 1.131 0.09 - 0.30(4) 85-99 (2) 559-571 (3) 549 -575 (4)
Al12 27 0.014 +0.008 1.022 0.32 -0.43 (4) 60->100 (3) 573-576 (3) 557-575 (4)
A23 19 0.013 +0.006 1.090 0.12 -0.28 (3) 79->100 (3) 561 -577 (3) 565-587 (3)
A32 19 0.014 +0.005 1.133 0.04 -0.18 (3) 42->100 (3) 552-553 (3) 532-570 (3)
A42 25 0.085 +0.020 1.043 0.07 -0.13(3) 18->100 (4) 537-560 (3) 536-572 (3)
A52 24 0.121 +0.059 1.025 0.07 -0.10(3) 39-77 (2) 555-568 (3) 545 -565 (3)
Le2 22 0.0116+0.0006 1.083* 0.5 ¢ 37 1 563 -569 (3) 569 -570 (3)
L72 28 0.0048+0.0006 1.036 03 63 29->100 (2) - - - -

182 35 0.0047+£0.0012 1.050 0.4 63 4-7 (6) .- -

193 37 0.0071+0.0015 1.040* 02 -04 (3) 12-16  (3) 559-577 (3) 564 -568 (3)

* Asterisks in K,;, /K, column denote inverse magnetic fabric
() Number of specimens used for SIRM/J, MDF, T;, and T, determinations are shown in parentheses; where more than

one specimen was used, total range of values is shown

1975). Because hexagonal pyrrhotite is antiferromagnetic
at room temperature, it does not contribute to the remanent
magnetization, though it may contribute slightly to the mea-
sured susceptibility of the rock. The absence of the pyrrho-
tite peaks from the cooling curves is attributed to chemical
breakdown. In the specimen from site L82, the breakduwn
is oxidation with formation of magnetite, as indicated by the
large increase in magnetic moment. The release of reactive
gas associated with this breakdown causes problems with
the experimental apparatus, so that no thermal demagnetiza-
tion experiments were done for sites 1.62, .72, and 82, all
of which contain abundant pyrrhotite.

With the exception of the pyrrhotite peaks, the ther-
momagnetic curves in figure 3 are typical of ferrimagnetic
spinel such as magnetite and titanomagnetite. The concave-
upward parts of the curves for sites L62 and L82 represent
the contribution of antiferromagnetic ilmenite and paramag-
netic pyroxene; the concavity is enhanced by the large field
strengths (400 mT) required for these weakly magnetic
samples. The ranges of Curie temperatures obtained from
the thermomagnetic curves are listed in table 2. The total
range is from 532 to 587°C, which is typical of low-titanium
titanomagnetite or pure magnetite. The lowest Curie tem-
perature measured for any of the paleomagnetic sites, in a
specimen from site A32 (fig. 3), is associated with the great-
est degree of thermal irreversibility (excluding the irrevers-
ibility associated with pyrrhotite). The example of
irreversibility in figure 3 is usually interpreted as partial

rehomogenization of a magnetite-ilmenite intergrowth
that originated from high-temperature oxidation of
titanomagnetite.

A thermomagnetic curve for a magnetic separate from
a sample of the Brady Glacier low-grade nickel-copper ore
deposit at the largely unexposed southeast corner of the La
Perouse gabbro (Czamanske and others, 1976) is also shown
in figure 3. The ore deposit is in the basal cumulates of the
gabbro, stratigraphically far below the main exposures
(Himmelberg and Loney, 1981). The magnetic separate (fur-
nished by G.K. Czamanske, U.S. Geological Survey, 1979)
is a zoned chromium-iron spinel. The saturation magnetiza-
tion is 10.1 Am%kg, and the Curie temperature is 518°C. This
Curie temperature is significantly lower than any reported in
table 2, and the chromium-iron spinel probably is not present
in any of the paleomagnetic sampling sites.

Four examples of thermal demagnetization of NRM
are shown in figure 4, illustrating the typically narrow range
of unblocking temperatures. The unblocking temperatures
can be represented by the temperatures of the midpoints of
the steepest segments of these demagnetization diagrams.
The ranges of observed values for eight sites are listed in
table 2 as Ts. The typical unblocking temperatures are all
close to (and below) the corresponding measured Curie tem-
peratures. The narrowness of the unblocking temperature
ranges and the closeness of these ranges to the maximum
Curie temperatures are typical of thermoremanent magneti-
zation in well-crystallized SD or PSD grains of magnetite or
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Figure 3. Continuous strong-field thermomagnetic curves illustrating variety of reversible and irreversible behavior. Heating
and cooling (indicated by arrows) were done in vacuum. Pyrrhotite is evident in samples from sites AO1 and L82. Magnetic
separate is from a sample of drill core in nickel-copper ore deposit hosted by basal gabbro forming nunataks in Brady Glacier
southeast of main exposures of LaPerouse gabbro (Czamanske and others, 1976). Other site designations as in figure 1.
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low-titanium titanomagnetite. Together with the high MDF
values, these thermal demagnetization results represent an
unusually high degree of stability of NRM.

NATURAL REMANENT MAGNETIZATION

Site-mean paleomagnetic directions and associated sta-
tistics are given in table 3. Normal and reversed polarities
were found, and two sites (A0l and A23) exhibited both po-
larities. At site AO1, AF demagnetization isolated normal
polarity in all samples, while thermal demagnetization of
specimens from some of the same cores isolated reversed
polarity. At site A23, both normal and reversed polarities
were isolated by both AF and thermal demagnetization, but
the polarity of a core depends on the location along the out-
crop. The closest pair of cores with normal and reversed
polarities are separated by only 2 m, but this interval also
contains a pegmatite dike 0.5 m wide that is rich in green
hornblende. Vector component diagrams illustrating AF de-
magnetization of a specimen from each of these adjacent cores
are shown in figure 5. Except that secondary magnetization
is more evident in the reversely magnetized specimen (core
30), there is no apparent difference in the response of the
two specimens to demagnetization, and there is no other evi-
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Figure 4. Thermal demagnetization of natural remanent
magnetization (NRM). Data were chosen to illustrate typical
narrowness of unblocking temperature distributions. Specimens
were heated and cooled in vacuum. Site designations as in figure 1.

dence supporting any difference in the magnetic minerals in
the two specimens. Because no evidence for later reheating
exists, all the normal and reversed polarities in these gabbro
bodies must represent geomagnetic field reversals that oc-
curred during initial cooling. The sense of reversal can only
be surmised at site AO1, where the high-temperature and
hence presumably oldest magnetization is reversed, imply-
ing the sequence R—+N. The total number of geomagnetic
reversals represented by the data from the sampled sites is
unknown but could be as few as one.

The data from site 1.82 were problematic and ultimately
were discarded. The NRM directions were fairly well
grouped, but their mean was excessively divergent from those
for the rest of the sites. AF demagnetization only served to
increase the within-site dispersion. Because of suspicion that
the NRM'’s in these particular specimens were not respond-
ing well to 60-Hz tumbling demagnetization, triaxial sequen-
tial demagnetization in a 400-Hz static apparatus was also
performed. The results were equally poor, so only the NRM
data are reported in table 3. The MDF values for this site are
atypically low (table 2) and all three principal susceptibility
axes are oblique to the layering (see next section), but there
is no further clue from either petrographic examination or
the other magnetic parameters as to the origin of the diver-
gent NRM. For eight of the nine remaining sites, it was
necessary to reject one or more cores because AF demagne-
tization isolated no stable remanent direction (table 3).

The site-mean or treatment-mean remanent magneti-
zation directions from table 3 are shown in figure 64, except
for site L82. Both normally and reversely polarized groups
show sufficient clustering that the directions are considered
to have paleomagnetic significance. The fifteen mean direc-
tions (table 3) were averaged using the two-tier method of
Watson and Irving (1957) because this method gives each
specimen unit weight and thus avoids giving excess weight
to groups having only two or three specimens. For these
calculations, the reversely magnetized directions (those on
the upper hemisphere in figure 64) were inverted through
the vector origin, that is, their polarity was inverted to the
normal sense. The overall two-level Fisher concentration
parameter k for the directions without any structural correc-
tion was 227, corresponding to an angular standard devia-
tion of 19°. When a structural correction was made for
thirteen of the fifteen sites by rotating the mean direction
around the strike of layering through the angle of dip (figure
6B), the overall two-level concentration parameter decreased
to 71, corresponding to an increase of the angular standard
deviation to 39°. This negative result of the classic paleo-
magnetic fold test is typical of layered gabbros, but a better
result might have been expected in light of the positive fold
test exhibited by the layered Cretaceous ultramafic intrusions
at Duke Island in southeastern Alaska (Bogue and others,
1995). To try to get an improved paleohorizontal reference
for the gabbro bodies, the AMS was measured in specimens
from all sites.
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Table 3. Paleomagnetic results from the Astrolabe and La Perouse gabbros.

[Strike, Dip: attitude of igneous lamination. N, number of oriented cores collected. Ng, number of cores rejected, as carrying no stable natural remanent magneti-
zation. N, number of specimens used in averages after treatment indicated. Treatment; uniform maximum alternating-field strength, or range of temperatures
reached by different specimens during thermal demagnetization. I, D, inclination (degrees, positive downward) and declination (degrees eastward), respectively, of
mean remanent magnetization after treatment. R, vector sum of N unit vectors. k, Fisher (1953) concentration parameter. 0us, radius of 95-percent confidence cone
(degrees) centered on mean direction (Fisher, 1953). Plo, Pla: east longitude and north latitude (degrees) of virtual geomagnetic pole corresponding to mean

direction]

Site Strike  Dip N, N, N Treatment 1 D R k Ol Plo Pla

[ 9 30mT 487 2432  8.8953 76.4 59 1705 124
A0l 16 177 11 13

l 3 565-580°C -46.7 1750 29717 706 148 160.4* 16.2%

[10 30mT 238 2414 94125 153 128 1640 -3.6
Al2 90° 30°S 11 14

[ 3 548-566°C 502 2560 29987 1543. 31 1614 192

(6 60mT,566°C 233 2426 57728 220 146 1626 32
A23 Horizontal------ 9 44

l 3 60mT,495°C -67.7 493 29677 618 15.8  190.7*% 26.2%

(10 30mT 532 950 9.9320 1323 42  148.6% 30.8*
A32 00 15E 10 04

[ 3 496-539°C 561  89.7 29246 265 244  154.6% 304*

[ 9 30mT 588 107.8 8.8187  44.1 79  1434*% 41.8*
A42 45° 9°SE 10 14

[ 3 403-549°C -684 877 2.5352 43  69.  168.0* 41.0%
A52 Unknown------- 10 2 8 15mT 699 1527 75132 144 151 128.0% 74.2*
L62 3475° 495°E 10 3 7 15mT 683 976 69423 104.0 6.0 161.4% 45.2%
L72 325 44E 10 8 2 10mT 594 1305 19027 103 - 124.6% 54.1%
1.82 180° 65°W 11 11 11 NRM 1.6 3515  8.9205 8.3 - - -

[ 9 20mT 584 756 88679  60.6 6.7 166.3% 26.0%
193 167.5° 50.0W 11 24

[ 3 536-561°C -553 719 29750 800 139 167.0* 21.6*

* Asterisks denote pole inverted through origin (reversed polarity).

ANISOTROPY OF MAGNETIC
SUSCEPTIBILITY (AMS)

The number of specimens for each site that provided
the AMS data (table 2) ranges from 19 to 37, sufficient to
provide statistically robust mean results for all sites. The
axial ratios of the mean susceptibiliy ellipsoids for each site
are shown in figure 7. Most of the sites have distinctly ob-
late ellipsoids (representing a predominantly planar fabric),
some have nearly equal axial ratios, and only one is prolate
(apredominantly linear fabric). The mean susceptibility axes
for each site are shown in figure 8 with the associated 95

percent confidence ellipses obtained from the bivariate ten-
sor-averaging method. The attitudes of the layering mea-
sured at each site are also shown in figure 8. At site L93 the
magnetic fabric is unambiguously inverse in relation to the
layering; that is, the minimum and intermediate susceptibil-
ity axes are parallel to the layering. Site 1.93 is also the only
one that exhibits prolate fabric. At site L62 the minimum
susceptibility axis is parallel to the layering but the other
two axes are oblique to it; the fabric at this site is also con-
sidered here to be inverse. At sites A01, A23, A32, A42, and
L72 the fabric is clearly normal, in that the minimum sus-
ceptibility axis is approximately perpendicular to the layer-
ing. At sites A12 and 182 the fabric axes are oblique to the
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layering, but both show a greater tendency toward normal
fabric. At site A52 the layering was discernible in outcrop
but not clearly enough to be measurable, so in accordance
with attitudes of layering measured elsewhere on the Astro-
labe Peninsula (Rossman, 1963, plate 1) the fabric is assumed
to be normal at this site.

The normal magnetic fabric is caused by preferred ori-
entation of longest axes of non-equant magnetite crystals;
this is termed “shape” or “magnetostatic” anisotropy (Tarling
and Hrouda, 1993). In the Astrolabe gabbro, where magne-
tite grains are large enough to be observed petrographically,
they are interstitial to the cumulus crystals of pyroxene and
plagioclase; that is, they are postcumulus. Inverse magnetic
fabric is observed at only two sites, both in the La Perouse
gabbro. Inverse fabric is most simply explained as the result
of predominance of single-domain magnetic grains (Tarling
and Hrouda, 1993). If the single-domain grains are prefer-
entially oriented along their directions of spontaneous mag-
netization, then the axis of maximum susceptibility will be
perpendicular to the axis of preferred orientation. If the
single-domain grains are elongate parallel to their directions

of spontaneous magnetization, the preferred orientation could
have resulted from the same cause as that in multidomain
grains. The SIRM/J; ratios listed in table 2 show that, as
would be expected from the fact that petrographically they
are mostly submicroscopic and/or scarce, the titanomagnetite
grains in the La Perouse gabbro tend to be more nearly single
domain than those in the Astrolabe gabbro, so that the single-
domain explanation for the inverse fabric is plausible. Site
L.93 has the most convincingly inverse fabric, and it is also
the only site with strongly prolate fabric; this configuration
helps to confirm the single-domain explanation.

The observation that at most sites the magnetic fabric
is clearly related to the primary layering (fig. 8) indicates
that the same factor or factors that produced the layering also
governed the orientation of the fabric. Whether the layering
originated by gravitational settling of cumulus minerals
(Rossman, 1963) or by crystallization of cumulus silicates
inward and upward from steeply or shallowly dipping mar-
gins (Loney and Himmelberg, 1983), in the complete ab-
sence of any evidence of penetrative deformation of the
gabbro the magnetic fabric is evidently a reflection of pre-
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Figure5. Vector component diagrams showing alternating-field demagnetization of natural remanent
magnetization (NRM) in two oppositely polarized specimens from site A23. MDF, median destructive

alternating field.
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ferred orientation of margins of crystals of cumulus pyrox-
ene and plagioclase. In other words the magnetic fabric,
whether normal or inverse, is a primary characteristic of the
rock. Rossman (1963, p. F19), referring to both gabbro bod-
ies, stated that “Most of the rock within the layers has a dis-
cernible fabric in which the elongate or flat minerals lie with
their long axes or flat sides parallel to the plane of the layer-
ing.” Petrographic examination of the Astrolabe gabbro
shows that the larger titanomagnetite grains are invariably
surrounded by single post-cumulus pyroxene crystals of vary-
ing relative width and that the outlines of both are deter-
mined by the margins of the enclosing cumulus pyroxene
and plagioclase crystals. Because magnetite grains are small
and scarce in the La Perouse gabbro, a similar petrographic
generalization cannot be made for it.

The mean AMS axes are used to calculate a revised
paleomagnetic fold test in the following way. For all the
sites having normal fabric, a pseudo-layering plane was cho-

sen to pass through the maximum and intermediate axes. This
construction was also done for site A52 where no layering
could be measured on the outcrop. For sites L62 and L93,
which have inverse fabric, the pseudo-layering plane was
chosen to pass through the intermediate and minimum axes.
Site L82 was omitted from the average, as discussed above.
The result of this modified fold test is just as negative as that
of the conventional test: The two-level Fisher concentration
parameter k decreases from 227 to 82, and the equivalent
angular standard deviation of the fifteen mean directions in-
creases from 19° to 37°.

PALEOMAGNETIC INTERPRETATION

Loney and Himmelberg (1983) interpreted the present
synclinal structure of the La Perouse gabbro as representing
an initially laccolithic body that deformed with its country
rock during intrusion and crystallization in a viscoelastic

270°
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Figure 6. Equal-area projections of site-mean or treatment-mean (thermal or AF demagnetization)
directions of magnetization, omitting site L82 (see text). A, in-situ directions. B, after unfolding using
attitudes of mineral layering. C, comparisons of different combinations of in-situ data: N, all normally
polarized and R, all reversely polarized. A, all Astrolabe gabbro and L, all LaPerouse gabbro. Overall
mean indicated by star. Solid circles in lower hemisphere, open circles in upper hemisphere. In C,
reversed directions (denoted by * in table 3) inverted through origin and shown on lower hemisphere.
Mean directions and radii of 95-percent confidence circles obtained by method of Watson and Irving

(1957).
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manner in response to persistent subhorizontal regional com-
pression. The negative results of both kinds of fold test as
described above imply that the remanent magnetizations of
the Astrolabe and La Perouse gabbro bodies were acquired
after any deformation of the layering. The lack of any mac-
roscopic evidence of penetrative deformation (Rossman,
1963; Loney and Himmelberg, 1983), the complete lack of
any microscopic evidence of granulation, and the fact that
the Curie temperatures are far below the solidification tem-
peratures of these gabbros all combine to make this result
predictable. Therefore, the paleomagnetic significance of
these data must be evaluated from the in sifu remanent mag-
netization directions. Various combinations of these direc-
tions, averaged by the two-level method of Watson and Irving
(1957), are compared in figure 6C.

The normally and reversely polarized groups are not
antiparallel. The most divergent mean directions in the nor-
mal group are from the AF-demagnetized specimens at site
Al2, and also from the AF- and thermally demagnetized
specimens having normal polarity at site A23. The fact that
both demagnetization methods gave the same result argues
against incompletely removed secondary magnetization as
the cause of the divergence. Moreover, any unremoved over-
print such as might have been produced by the present geo-
magnetic field would tend to shallow the reversed directions,
but the opposite relation is observed Thus, any such second-
ary magnetization would have to have been produced by a
reversed geomagnetic field. It follows that the divergence
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Figure7. Flinn-type diagram (Tarling and Hrouda, 1993) showing
that magnetic fabric of all but one site is marginally to dominantly
oblate; that is, more nearly planar than linear. Site designations shown
in figure 1. Kmax, Kint, Kmin, magnitudes of maximum, intermediate,
and minimum orthogonal site-mean susceptibility axes, respectively.
Asterisks in legend indicate sites with inverse fabric.
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specimens analyzed from each site. Other symbols’as in figure 7.
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from antiparallelism is most reasonably attributed to geo-
magnetic secular variation.

The mean directions for the Astrolabe and La Perouse
gabbros were averaged separately and are compared in fig-
ure 6C; they are not significantly different from each other.
Therefore, the overall mean in situ paleomagnetic direction
is used for comparison with coeval paleomagnetic data from
the North American craton. Because the population of di-
rections does not have a strictly Fisherian distribution, the
consequent likelihood that these gabbro data do not average
secular variation requires that the significance of the mean
direction not be overemphasized. This direction has decli-
nation 260.7° and inclination 54.8° with a two-level 95-per-
cent confidence radius 9.3° (fig. 6C). The equivalent
paleomagnetic pole obtained by performing the two-level
analysis of the fifteen virtual poles in table 3 has longitude
160.3°E., latitude 25.0°N., with an angular standard devia-
tion 23° and 95-percent confidence radius 10.7°. This pa-
leomagnetic pole is shown in figure 9 labeled AL.

The original reconnaissance paleomagnetic investiga-
tion of the sheeted dikes and pillow basalts of the Resurrec-
tion Peninsula, 700 km to the northwest in the Chugach
terrane, was reported by Gromme and Hillhouse (1981). A
more detailed study of these rocks has been published by
Bol and others (1992), who cite a radiometric age of 57£1
Ma determined by the uranium-lead method from zircon sepa-
rated from plagiogranite. The revised pole position is simi-
lar to that originally reported, at longitude 167°E., latitude
37°N, with a 95-percent confidence radius 11°; this pole is
shown in figure 9 labeled RP. These two paleomagnetic poles
(AL and RP) do not differ significantly from one another but
are both highly discordant to the coeval poles for the North
American craton, possibly implying that the two parts of the
Chugach terrane that they represent shared a common dis-
placement history in later Tertiary time.

This coincidence of paleomagnetic pole position must
be qualified by the lack of a reference paleohorizontal for
the Astrolabe and La Perouse gabbros. The paleomagnetic
declination is fortuitously nearly perpendicular to the trend
of the La Perouse synclinal structure, and, as a first approxi-
mation, the symmetry of this structure mentioned earlier
might be evidence against tilt around its longitudinal axis.
Moderate tilts around this axis would change the paleomag-
netic inclination and hence the paleolatitude, but would hardly
affect the declination. George Plafker (U.S. Geological Sur-
vey, written commun., 1996) has suggested that the meta-
morphic gradient across the segment of Chugach terrane
between the Fairweather fault and the Tarr Inlet suture zone
(Brew and others, 1978a) represents simple eastward tilt of
a single structural block that resulted from the major uplift
of the Fairweather Range that occurred during latest Tertiary
time. This interpretation is complicated by the fault that cuts
off much of the northeast part of the La Perouse gabbro
(Loney and Himmelberg, 1983) and probably also by un-
known structural complications in this area, which has not

been mapped in detail. Nevertheless the simple tilt correc-
tion suggested by Plafker produces the following results.
The horizontal dimension is assumed to extend 30 km
northeast from the head of Lituya Bay, a typical width for
this structural block (fig. 1). At the southwest end the meta-
morphic grade is assumed to be about middle amphibolite
facies, and at the northeast end the grade is assumed to be
lowermost greenschist facies. Use of the pressure-tempera-
ture summary diagram of Winkler (1967, fig. 40), with as-
sumed geothermal gradients of 30°C/km and 20°C/km, results
in tilt angles toward the northeast of 9° and 17°, respectively.
The axis of presumed tilt is taken as the azimuth of the two
points where the contacts between hornblende schist and
gneiss on the west and biotite schist and gneiss on the east
intersect the La Perouse gabbro at its northwest and south-
east ends (Loney and Himmelberg, 1983, fig. 2); this axis

Figure 9. Equal-area map of part of northern hemisphere,
showing paleomagnetic sampling areas (triangles) and
paleomagnetic poles (solid circles). RP, pole for Resurrection
Peninsula (Gromme and Hillhouse, 1981; Bol and others, 1992).
AL, pole for Astrolabe and LaPerouse gabbros (this paper). AL9,
AL17, modified pole positions for Astrolabe and La Perouse
gabbros with hypothetical 9° and 17° tilts removed, respectively.
Reference paleomagnetic poles for North American craton as
follows: K, Cretaceous, 144-88 Ma (van Fossen and Kent, 1992).
LK, Late Cretaceous, 76 Ma (Gunderson and Sheriff, 1991). P,
Paleocene, 67-55 Ma; E, early to middle Eocene, 54-44 Ma; O,
Oligocene to early Miocene, 38-22 Ma (Diehl and others, 1983).
Large open circles are 95-percent confidence intervals from
authors cited above or from table 2, and shown dashed for pole
positions modified using hypothetical tilts.
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trends at 329° and is representative of the major structural
trend of the enclosing rocks of the Chugach terrane. These
moderate tilt corrections do not greatly violate the symme-
try of the La Perouse synclinal structure; that is, the correc-
tions do not overturn any of the layering on the northeast
flank of the gabbro. The sense of the corrections is to steepen
the paleomagnetic inclination without significantly affect-
ing the declination; thus the paleomagnetic pole is displaced
toward the gabbro bodies, and this in turn decreases the
amount of calculated northward transport. The corrected
paleomagnetic poles are as follows: For the 9° tilt, the pole
is at 162.3°E., 35.2°N., with 95-percent confidence radius
12.0°; for the 17° tilt, the pole is at 164.4°E., 46.2°N., with
95-percent confidence radius 13.1°. These two pole posi-
tions are shown dashed in figure 9; neither differs signifi-
cantly from the Resurrection Peninsula pole of Bol and others
(1992).

Another and more extreme tilt correction can
be made by using only the trend of the longitudinal axis of
the LaPerouse gabbro body as before, but also using just
the paleomagnetic data themselves and ignoring the
semiquantitative estimates from metamorphic facies differ-
ences. If a rotation of about 37° around a horizontal axis
trending at 329° is used to remove the presumed eastward
tilt of the gabbro bodies, their mean paleomagnetic direc-
tion moves into close coincidence with the direction that is
calculated for the same location from the North American
Oligocene reference pole of Diehl and others (1983). This
tilt correction increases the 95-percent confidence interval
around the corresponding paleomagnetic pole to nearly 17°,
however, and therefore no numeric results are given except
that the combined 95-percent confidence interval for the
37° rotation is roughly estimated at about £20°, not includ-
ing uncertainty in the azimuth and inclination of the as-
sumed axis. A serious disadvantage to this method of
estimation is that it analyzes the paleomagnetic data essen-
tially in its own terms, including the sense of rotation, and
for additional information makes use only of the azimuth of
the major structure of the enclosing rocks of the Chugach
terrane. Conversely, the assumption that the rocks of the
Chugach terrane in this area were a rigid block without in-
ternal deformation during tilting is also unneeded.

Bol and others (1992), using a composite reference
paleomagnetic pole for the North American craton, obtained
for the Resurrection Peninsula rocks a northward displace-
ment of 13°£9° and a counterclockwise rotation of 102°+16°.
(These and the following 95-percent confidence intervals for
displacements were calculated using the method of Demarest
(1983) to convert from bivariate to univariate statistics.) For
the Astrolabe and La Perouse gabbros, the appropriate refer-
ence pole is the Oligocene average for the interval 22 to 38
Ma of Diehl and others (1983) as shown in figure 9; note
here that the choice of an older Tertiary reference pole would
lessen the apparent northward displacement by a small
amount but would scarcely affect the calculated rotation. The

displacements calculated for the two gabbro bodies without
tilt correction are 24°+9° northward transport and 86°+12°
counterclockwise rotation. The 9° tilt correction yields
15°£10° of northward transport and 80°£15° of counterclock-
wise rotation, while the 17° tilt correction yields a north-
ward transport of 6°t11° and a counterclockwise rotation of
70°£18°. Thus, the 9° tilt correction results in the best match
of the Astrolabe and La Perouse gabbro results with those
from the bedded ophiolitic rocks of the Resurrection Penin-
sula. The 17° tilt correction, however, results in a northward
transport for the gabbro bodies that is not statistically sig-
nificant at the 95-percent probability level. All three choices
of correction result in significant counterclockwise rotation
similar to that found by Bol and others (1992) for the Resur-
rection Peninsula.

SUMMARY AND CONCLUSIONS

The Astrolabe and La Perouse gabbro bodies were in-
truded in Oligocene time into late Mesozoic rocks of the
Chugach terrane in southeastern Alaska (Loney and
Himmelberg, 1983). The magnetic susceptibility and satu-
ration magnetization of samples of the Astrolabe gabbro are
typical of gabbro, whereas those of samples of the La Perouse
are an order of magnitude lower. Thermomagnetic analysis
and petrographic examination show that the magnetic min-
eral in both gabbro bodies is low-titanium titanomagnetite.
The difference in magnetic properties reflects the far greater
abundance of ilmenite relative to titanomagnetite in the La
Perouse gabbro. The orientation of the magnetic fabric rep-
resented by anisotropy of magnetic susceptibility is mostly
related to the macroscopic mineral layering; at least one and
commonly two of the principal susceptibility axes are
subparallel to the layering regardless of steepness of dip of
the layering. Eight of the ten sample sites show normal mag-
netic fabric, but two of the sites, both in the La Perouse gab-
bro, show inverse fabric. The inverse fabric is interpreted to
be the result of a high proportion of single-domain magnetic
grains in the La Perouse gabbro.

Despite the large difference in magnetic properties, both
gabbro intrusions share a common direction of natural re-
manent magnetization. Both normal and reversed magnetic
polarities exist in the Astrolabe gabbro. Three of the four
sampling sites in the the La Perouse gabbro are reversely
magnetized, while the fourth has a divergent magnetization
direction; the cause of the divergence is not known. The
existence of both polarities is the result of one or more geo-
magnetic reversals that occurred during the initial cooling
of the gabbro intrusions after they had become solid. All avail-
able evidence, both thermomagnetic and petrographic,
indicates that the natural remanent magnetization is thermore-
manent magnetization acquired while the gabbro intrusions
cooled below their maximum Curie temperature of 580°C.
Attempts to perform the paleomagnetic fold test using either
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the attitudes of mineral layering observed in outcrop or the
principal magnetic susceptibility axes cause marked increases
in angular dispersion, hence yielding negative results. Little
deformation other than faulting occurred within either gab-
bro body as they cooled below this temperature in Oligocene
time.

The average direction of thermoremanent magnetiza-
tion in the Astrolabe and La Perouse gabbros is compared
with the Oligocene geomagnetic field direction predicted at
their present location from the reference pole for the North
American craton of Diehl and others (1983). In the gabbro
bodies the inclination is 19°18° shallower, and the declina-
tion is 86°+14° westward, or counterclockwise. This paleo-
magnetic discordance is similar to that found in Paleocene
sheeted dikes and pillow basalts of the Resurrection Penin-
sula in the Chugach terrane 700 km to the northwest (Gromme
and Hillhouse, 1981; Bol and others, 1992). If the Astro-
labe and La Perouse gabbros were not tilted during
postmagnetization uplift in latest Tertiary time, the paleo-
magnetic results imply post-Oligocene northward displace-
ment of 2,700%1,000 km (confidence interval £95%). The
corresponding northward displacement for the Resurrection
Peninsula rocks is 1,500£1,000 km (Bol and others, 1992),
and the counterclockwise rotations are similar for both. On
the basis of increasing regional metamorphic gradient from
northeast to southwest across the block of Chugach terrane
rock intruded by the gabbro bodies, arbitrary tilts around a
northwest axis resulting from late Tertiary differential uplift
can be estimated as between 9° and 17° southwestward by
assuming geothermal gradients of 30°/km and 20°/km re-
spectively. Application of the 9° tilt correction to the gab-
bro bodies reduces the apparent northward displacement to
1,700£1,100 km, in close agreement with the Resurrection
Peninsula result of Bol and others (1992). Applying the 17°
tilt correction further reduces the apparent northward dis-
placement to 800+1,200 km, statistically not significant at
95-percent confidence. Another, more hypothetical tilt
correction can be made using only the paleomagnetic data,
the North American Oligocene reference pole (Diehl and oth-
ers, 1983), and the major structural trend of the rocks of the
Chugach terrane at the latitude of the gabbro bodies. That
correction is approximately 37° southwestward, brings the
paleomagnetic pole for the gabbro bodies into close coinci-
dence with the reference pole, but has an associated 95 per-
cent confidence roughly estimated at £20°.

Applying the moderate and semiquantitative tilt cor-
rections of 9° or 17° to the gabbro bodies does not change
the apparent rotations significantly. The paleogeographic im-
plications of this rotation have been discussed by Bol and
others (1992) in the context of the extinct Kula-Farallon
spreading ridge, of which the Resurrection Peninsula
ophiolitic rocks are interpreted to be a part. Bol and others
(1992) point out that the sense of rotation is the same as that
implied by other paleomagnetic results farther north in Alaska
and that the rotations might have resulted from oroclinal bend-

ing or from terrane translation along curved transcurrent fault
systems. The sense of rotation is opposite, however, to that
predicted for small passive structural blocks in a zone of
oblique right-lateral tectonic convergence, as is observed
along the western margin of North America at lower lati-
tudes (Beck, 1980). Regardless of the similarity or dissimi-
larity between the paleomagnetic results from the Astrolabe
and La Perouse gabbro bodies and the Resurrection Penin-
sula rocks, the differences in age and tectonic setting are sig-
nificant. Bol and others (1992) concluded that if the
Resurrection Peninsula ophiolitic rocks were part of the Kula-
Farallon spreading ridge, their northward transport would
have been completed by 45 Ma. Reviewing the previous
paleomagnetic data from southern Alaska, Bol and others
(1992) point out that all the data from rocks younger than
about 55 Ma are concordant with the North American cra-
ton. The discordant result from the Oligocene gabbros con-
stitutes an exception to that generalization and implies that
counterclockwise rotation and also significant northward dis-
placement of at least part of the Chugach terrane has oc-
curred since Oligocene time. If the curved trace of the Border
Ranges fault (fig. 1) is representative of the curved
trasnscurrent fault systems referred to by Bol and others
(1992), then explaining the rotations by northwestward dis-
placements along them is unsatisfactory because, although
the rotations for the Oligocene gabbros and the Paleocene
ophiolitic rocks are similar, the strike of the Border Ranges
fault is about 345° at the latitude of the Fairweather Range
and approximately east-west north of the Resurrection Pen-
insula.

A further consequence of the apparently similar dis-
cordances of these two paleomagnetic poles from the North
American craton reference is that if the La Perouse and As-
trolabe magma chambers were deformed as they were in-
truded and began to crystallize (Loney and Himmelberg,
1983), the geometry of this deformation could not have been
the result of regional subhorizontal compression associated
with the final stages of accretion of the Chugach terrane,
even though, as shown by Rossman (1963), by Brew and
others (1978a), and by Loney and Himmelberg (1983),
deformational structures within this part of the Chugach ter-
rane are subparallel to its present major tectonic boundaries.
This difficulty is removed, however, if the large estimated
tilt correction of 37° is invoked. In this case the paleomag-
netic discordance of the gabbro bodies implies only signifi-
cant deformation of the inboard part of the Chugach terrane
after 29 Ma, deformation which presumably was localized
within the Tarr Inlet suture zone.

While the final outline and structure of the La Perouse
gabbro are approximately parallel to the regional structural
trend of its country rock, there is no necessity to invoke de-
formation of the magma chamber that it represents. As has
been conclusively demonstrated for the Skaergaard intrusion
of east Greenland (McBirney and Noyes, 1979), the orienta-
tion of mineral layering in the Astrolabe and La Perouse gab-
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bros was evidently controlled mainly by thermal gradients
normal to the contact with wall rock during crystallization
and only subordinately by the direction of gravity.
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Table 1. Chemical compositions of two foliated intrusions of the Fairbanks mining
district, Alaska.

[Major oxides by Li metaborate fusion and ICP (Chemex Labs, Vancouver, B.C.), mi-
nor elements by wavelength dispersive X-ray fluorescence at the University of Alaska,
Fairbanks, R.J. Newberry, analyst. Abbreviations: LOI, loss on ignition; QTZ, quartz;
COR, corundum; OR, orthoclase; AB, albite; AN, anorthite; NE, nepheline; AC, acmite;
DIOP, diopside; HYP, hypersthene; MT, magnetite; ILM, ilmenite; AP, apatite]

Site............ Pedro Creek O'Connor Creek
Sample No. RN118 RNI179B MC-1 BT300A BT300B
Major oxides (percentages)

Si0;.ccnn.. 69.65 68.14 64.44 64.91 64.36
AlLO;......... 14.73 14.15 14.43 17.7 17.19
TiO;........... 0.31 0.33 0.44 0.04 0.04
Fe,Os......... 2.88 332 5.19 243 2.81
MgO.......... 0.94 0.97 1.33 0.06 0.04
CaO........... 2.39 2.16 5.55 0.05 0.17
Na,0.......... 3.19 3.00 245 8.18 9.15
K,0.......... 4.69 4.83 2.56 5.14 4.02
P,0s........... 0.13 0.14 0.08 0.02 0.02
MnO.......... 0.05 0.03 0.09 0.15 0.15
LOL........ 1.05 1.44 1.16 0.52 0.75
Cry0s......... 0.02 0.03 0.01 <0.01 0.01
TOTAL...... 100.00 98.5 97.7 99.2 98.7
Minor elements (ppm)
Y o 32 36 20 30 33
Zr e, 149 164 110 850 1010
Ba....... 1050 1175 980 120 60
Nb ... 17 19 12 370 340
Rb ..o 132 134 90 180 160
) SRR 580 592 230 15 10
Ga...oene. 13 13 16 67 59
Sn.......... 3 1 1 30 25
Ta .. 1 <1 <1 I8 22
La....... 45 48 43 92 105
Ce.oonnnn 65 70 61 195 225
Th.......... 29 31 25 43 45
CIPW norms (percentage)
QTZ .......... 273 26.4 25.3 0.0 0.0
COR ... 04 1.1 0.0 0.0 0.0
OR ... 28.0 29.3 154 30.8 242
AB ... 273 26.0 21.1 62.0 66.0
AN ... 11.1 10.1 21.2 0.0 0.0
NE ... 0.0 0.0 0.0 0.7 0.7
AC ... 0.0 0.0 0.0 4.1 53
DIOP ........ 0.0 0.0 4.8 0.0 0.0
HYP ........ 24 43 6.9 0.0 0.0
MT.......... 2.6 20 44 0.0 0.0
M. 0.6 0.6 0.9 0.0 0.0

AP ... 0.3 0.3 0.2 0.0 0.0
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Table 2. Microprobe analyses of biotites from foliated intrusions, Fairbanks district and wet chemical analyses of biotites from the Sierra
Nevada batholith, California.

[Alaska analyses performed using wavelength dispersive techniques, natural mineral standards, and a Chimeca S$X-50 electron microprobe
at the University of Alaska, Fairbanks, R.J. Newberry, analyst. Sierra Nevada analyses from Dodge and others (1969)}

Site.......... Pedro Creek O'Connor Creek Sierra Nevada batholith
Rock type... orthogneiss syenite granodiorite
Sample No. RN118 RN118 RNIi18 RNII8 Occ-1 Occ-1  Occ-1  Ocec-1 HL4 FD-20
Weight percent oxides
0.20 0.06 0.07 0.11 0.10 0.06 0.15 0.13 0.04 0.44
8.02 9.09 8.82 9.06 1.49 1.61 0.82 0.98 109 6.78
14.95 14.81 15.01 14.45 15.09 13.87 19.94 17.79 15.4 18.59
36.31 36.77 36.94 35.36 37.47 36.83 39.38 37.81 36.9 34.72
8.62 9.10 9.02 9.14 9.23 9.66 9.35 9.20 9.1 9.34
0.07 0.02 0.00 0.01 0.08 0.15 0.21 0.20 0.2 0.01
4.68 5.02 3.56 4.24 0.50 0.60 0.53 1.30 29 3.09
0.37 0.41 0.33 0.31 10.78 11.24 6.96 7.48 0.5 0.45
22.87 22.05 22.86 22.90 21.68 21.90 18.99 22.29 20.5 22.61
3.68 3.67 3.62 3.66 3.46 3.40 3.82 3.84 3.1 3.38
0.33 0.51 0.46 0.27 0.30 0.36 0.29 0.00 0.18 0.36
0.22 0.18 0.24 0.20 0.00 0.00 0.00 0.02 0.56 NA
0.19 -0.26 -0.25 0.16 0.13 015 012  -0.00 028 0.15
Total 100.12 101.42 100.70 99.56 100.06 99.53 100.31 101.0 100.00 99.62
Cations per 22 oxygens
0.06 0.02 0.02 0.03 0.03 0.02 0.04 0.04 0.01 0.13
1.85 2.05 2.02 2.11 0.37 0.40 0.18 0.23 2.47 1.56
2.72 2.64 272 2.66 2.87 235 3.74 3.27 2.76 3.39
5.60 5.57 5.67 5.52 6.04 6.19 6.12 5.90 5.61 537
1.70 1.76 1.77 1.82 1.96 1.86 1.61 1.63 1.77 1.85
0.01 0.00 0.00 0.00 0.02 0.03 0.05 0.03 0.04 0.00
0.54 0.57 0.41 0.50 0.06 0.08 0.06 0.15 0.33 0.36
0.05 0.05 0.04 0.04 1.52 1.60 0.94 1.19 0.07 0.06
2.95 292 2.94 2.99 3.02 3.08 2.41 291 2.56 291

"H,0 calculated from stoichiometry

Fe:Mg of ~ 8:1. In addition, biotite from the Sierra Nevada
batholith has Mn:Mg of ~ 1:25, compared to the O’Connor
Creek biotite having Mn:Mg of ~ 4:1. The extremely high
MnO contents are unusual in biotite and indicate extensive
melt fractionation, almost certainly under conditions where
ilmenite (a major Mn accumulator) did not crystallize.
Most surface samples of the alkali syenite are coated
with Mn oxides, which are presumably derived from oxida-
tion of the Mn-rich biotite (table 2). Uncommon quartz veins
are probably of hydrothermal origin. Minor clay alteration
is probably due to weathering of feldspar and nepheline.
Trace analyses of weathered and altered syenite (table 3) in-
dicate little change from unaltered syenite (table 2), even in
mobile elements such as Rb, Ba, and Sr. Such composi-
tional uniformity suggests that the rocks have experienced
little hydrothermal alteration. Seven grab samples collected
discontinuously across a 0.5-km-long transect of the alkali
syenite intrusion average 350 ppm combined Nb and Ta,

1,000 ppm Zr, 52 ppm Th, and elevated U and Sn, which
suggests that the O’Connor Creek intrusion might constitute
a low-grade niobium-zirconium resource (table 3). How-
ever, the alkali syenite contains only slightly elevated values
of As, Au, Mo, and Sb (table 3) relative to background val-
ues for these elements in plutonic rocks of the Fairbanks area
(Newberry, 1996). We also analyzed a 0.5-m channel sample
of quartz vein material in the O’Connor Creek alkali syen-
ite; it shows low or undetectable As, Mo, Zn, Sb, and Au
concentrations and no elevated Nb, Ta, Zr, U, or Th (table
3).

No gold placers are known downstream, but a small
gold placer deposit is located about 1 km upstream of the
O’Connor Creek body (Chapman and Foster, 1969), at the
intersection of two major tributary streams. Given our lim-
ited assay data, we believe that the O’Connor Creek syenite
did not contribute significantly to gold resources in the
Fairbanks district.
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Table 3. Trace element compositions (in ppm, except Au in ppb) from Alkali Syenite, O’Connor Creek

intrusion, Fairbanks district, Alaska.

[All samples except BT60D (random chip sample) randomly collected at 100-m intervals in alkalic syenite
rubble for a total transect of about 500 m. Ba, Nb, Rb, S, Sn, St, Y, and Zr by X-ray fluorescence (XRF); all
others by Instrumental Neutron Activation Analysis (INAA). Uncertainty of elemental concentrations is ap-
proximately +5 percent. Analyses performed by Nuclear Activation Services, Hamilton, Ontario, Canada]

Sample No.  BT405 BT404 BT60E BT60A BT60C BT60D
Rock.......... Syenite Syenite Syenite Syenite Syenite Qtz vein in syenite
Element Parts per million
As.oeine. 200 150 49 35 16 9
Ba............ 280 260 180 200 290 60
Mo.....oeeu. 2 <2 <2 27 2 <2
Nb.....cccece. 360 220 330 380 390 8
Rb..oo. 230 160 170 180 190 12
S 60 160 <10 140 60 <10
Sb..oeeee 10 5 8 11 <1 8
] | F— 22 12 18 20 13 4
) S 74 92 66 76 64 12
Ta.............. 18 4 14 23 22 3
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